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FOREWORD

This report was prepared by the Avco Research and Advanced Development Divi-
sion under USAF Contract No. AF33(616)-7327. This contract was initiated under
Project No. 7350, "Ceramic and Cermet Materials'", Task No., 73500, "Ceramic
and Cermet Materials Development'; and Project No. 7381, '"Materials Appli-
cation', Task No. 73812, "Data Collection and Correlation". The work was ad-
ministered under the direction of the Directorate of Materials and Processes
Deputy for Technology, Aeronautical Systems Division, with Mr. P. W. Dimiduk
acting as project engineer.

This report covers work conducted from 1 May 1960 to 30 April 1961.

Assistance from a number of sources has given vital support to the work on this
project. The authors wish to acknowledge contributions from Prof, W, Klemperer
in giving advice on spectroscopic experiments, Dr. D. R. Stull of the Dow Chem-
ical Co., for many valuable discussions, the loan of microfilms, etc., Mr. T.R.
Munson for providing the program for the machine computations on diatomic
molecules, Dr. G. T. Furukawa for counsel on methods of smoothing C;data,
the staff of the Avco RAD Mathematics Section in programming and computing
machine assistance, Dr. Joan B. Berkowitz-Mattuck and Mr, S.N. Goldstein at
the A, D. Little Company in providing translations of Russian articles, Dr, S,
Ruby for interest in the work and supervisory assistance, Mr. T. Licht in
making chemical analyses, Mr. P. F. Jahn in sample preparation, and Mr, R,
E. Walters and Mrs. Ann Wise in the literature search, Other contributors

at Avco RAD have been Messrs, J. K, Hill and P. Demenkow {(assistance in
X-ray diffraction studies), J. Achramowicz (sample preparation), V.H. Early
{spectroscopic studies), E. J. Kay and D. V. LaRosa {coding and other assist-
ance in the work with IBM cards and computations), D. A, Dreselly (manuscript
preparation), L. Fitzpatrick (chemical analyses), and W. S. Bennett (glass-
blowing). Reprints, reports, and other sources of data were contributed by

Mr. P. W. Dimiduk (ASD), Dr. K. K, Kelley (U. S. Bureau of Mines), Dr,
G. M. Rosenblatt (Univ. of California), Dr. G. R, Somayajulu (Univ, of Cali-
fornia), Dr. D, L. Hildenbrand (Aeronutronics), Dr. R. H. Crist (Union Car-
bide Corp.), Dr. J. L. Margrave (Univ, of Wisconsin), and Dr. C. W. Beckett
and others at the National Bureau of Standards (Heat Division).
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ABSTRACT

Theoretical and experimental studies were undertaken of the thermodynamics
of certain refractory compounds from 298, 15° to 6000°K. The list of com-
pounds included the oxides, borides, carbides, and nitrides of the metals in
groups IVB, VB, VIB, and VIIB of the periodic chart in addition to those of
silicon, scandium, beryllium, magnesium, calcium, strontium, and osmium,

Tables of ideal gas thermodynamic functions of all the above elements were
either prepared or brought up to date. Reviews and critical analyses of the
available data were completed on the oxide systems of Be, Ca, Cr, Mg, Mo, Sr ,
Ti, and W, the borides of Ti, and the monocarbide of Ti. Sixty-one tables of ther-
modynamic functions, in various degrees of completion, were prepared on the
important chemical species of the above systems,

A comprehensive review of the literature was made for the existing theoretical
background needed in the interpretation of high-temperature C; data and for
the improvement of methods of estimating missing data,

In the experimental studies, careful checks were made of the purity of all
samples, A Bunsen ice calorimeter apparatus was developed for specific heat
measurements up to 1500°C, An apparatus employing the pulse method of specific
heat measurements was used tomakedeterminations inthe temperature range from
1500° to 2500°C on borides of Mo, Ti , W, and Zr, on carbides of Nb, Ta, Ti, and
Zr, and on a nitride of Ti, Spectroscopic studies were carried out on the Si-C ,
Mo-C, V-0 , and the B-O system vapor species to determine their rmolecular
structures and spectroscopic constants.

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDER: }llﬁ& ﬂ fvw’i\/—
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I, INTRODUCTION

Contract AF33(616)-7327 has for its purpose the determination of the thermo-
dynamic functions of a limited number of highly refractory compounds up to
6000°K. The scope of the contract encompasses the oxides, carbides, nitrides,
and borides of elements in groups IIA, IVB, VB, VIB, VIIB, plus scandium,
osmium, and silicon. This is summarized in figure 1 wherein the elements in
the solid boxes are to be combined with those in the broken box to form the sub-
ject compeounds. T! metals Ir, Pt, and Rh were added to the list at the request

of the project engineuvr,

The state of knowledge on these highly refractory compounds is such that much
preliminary work was necessary to search for and to adapt required bhasic ma-
terial property data before reliable computations could be made. Moreover,
much of the existing data were inadequate, inaccurate, and in many cases even
contradictory. Thus, only a limited number of the compounds could be com-
pletely characterized thermodynamically without a program of experimental
measurements to provide additional basic data and to verify the existing data
that are uncertain, Accordingly, the scientific effort on this project was dis-
tributed among three major phases as follows:

Phase I ~- Review of the literature and compilation of all available data.

Phase II -- Calculation and tabulation of thermodynamic properties from
available data.

Phase III -- Experimental studies to provide missing data, to prove the
adequacy of computational techniques, and to verify any assumptions made
throughout the program.

The list of basic data sought in Phase I includes not only those directly useful
in the computations of Phase II, but also some that may find use in later appli-
cations of the thermodynamic functions., The list is as follows:

Phase diagrams

Heat capacity versus temperature
Enthalpy versus temperature

Entropy versus temperature

Heats of phase transforma.ions

Heats of formation or reaction

Thermal expansion coefficients and compressibilities
Melting and triple points

Free energies of formation

10. Vapor pressures

11, Composition of gaseous species in vapor
12, Spectroscopic constants

D 3 O W N
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13. lonization or appearance potentials
14, Emf's of electrolytic cells

15, Heats of solution or dilution

16, Other thermodynamic functions.

The experimental studies of Phase III can-be grouped into the following three
categories:

a. Preparation of compounds and specimens. This includes analyses
to verify purity and crystal structure, or the existence of special con-

ditions such as extent of solid solution, etc.

b, Heat capacity and total heat content determinations with a pulse-
method apparatus and a Bunsen ice calorimetcr,

c. Spectroscopic studies of vapor species.




II. REVIEW OF THE LITERATURE AND COMPILATION
OF AVAILABLE DATA

A. SCOPE OF THE LITERATURE SEARCH

The literature search has been very comprehensive, the intention being to cover
all the literature of at least the last ten years. The following is a list of the
literature sources searched:

1. Nat. Bur. Stds. Circular 500, Selected Values of Chemical Thermo-
dynamic Properties (1952-1956).

2. Kubaschewski, O, and E. Evans, Metallurgical Thermochemistry,
Pergamon Press, N. Y. (1958).

3. Quill, L. L., The Chemistry and Metallurgy of Miscellaneous Ma-
terials -- Thermodynamics, McGraw-Hiil, N. Y. (1950).

4., Brewer, L., Chem. Revs. 5_2, 1-75 (1953).

5. Coughlin, J., Bur. Mines Bull. 542 (1954), p. 1-80.

6. Ehl, R. G., R. J. Sime, and J. L. Margrave, Binary Nitrogen
Compounds of the Elements: A Literature Survey, WADC Tech. Note 59-
115 (1959).

7. Kelley, K. K., Bur. Mines Bull, 407 (1937).

8. Kelley, K. K., Bur, Mines Bull, 584 (196n).

9. Elliott, J. F. and M. Gleiser, Thermochemistry for Steelmaking_,
Vol. 1., Addison-Wesley, Reading,Mass. (1960).

10. Hansen, M. and K. Anderko, Constitution of Binary Alloys, McGraw-
Hill, N. Y. (1958).

11. White, D. W. and J. E. Burke, The Metal Beryllium, Am. Soc.
Metals (1959).

12. Thomas, D. E. and E. T. Hayes, The Metallurgy of Hafnium, Naval
Reactor Handbook, Supt. Doc., GPO (1960). ‘

13. Lustman, B. and F. Kerze, Jr., Metallurgy of Zirconium, McGraw-
1ill, N.Y. (1955).
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14. Richardson, F. D., Thermodynamics of metallurgical carbides and
of carbon in iron, J. Iron Steel Inst. 175, 33 {1953).

15, Brewer, L. and H. Haraldsen, The thermodynamic stability of re-
fractory borides, J. Electrochem Soc. 102, 399 (1955).

16. Zeise, H., Thermodynamic

Band IlI/1 Tabellen S. Hirzel Verlag, Leipzig (1954).
Band III/2 Graphische Darstellungen und Literature (1957).

17. Skinher, H. A., Modern aspects of thermochemistry, Roy. Inst,
Chem. (3), (1958).

18, Hertzberg, G., Molecular Spectra and Molecular Structure, I. Spectra
of Diatomic Molecules, Van Nostrand, N. Y. (1950).

19, Sutton, L. E., Tables of Interatomic Distances and Configurations in
Molecules and Ions, The Chem. Soc. (London), (1958).

20. Kelley, K. K., Bur. Mines Bull. 477, Entropies of Inorganic Sub-
stances (1950).

2]1. Goldsmith, A., T. Waterman, and H.J. Hirschhorn, Thermophysical
Properties of Solid Materials, WADC TR-58-476;

AD-207905 (January 1959),
Vol. 1. Elements,AD-247193 (August 1960),
Vol. 2. Alloys, WADC-58-476 (November 1960).

22. Goldsmith, A. et al, Additional volumes to supplement 21 above ob-
tained from ASD and Armour Research Foundation.

23. Johnson, V. J., A Compendium of the Properties of Materials At
Low Temperatures, Phase I, NBS, Boulder, Colorado (December 1959);
WADD TR-60-56, Pts. I, II, and III.

24. Ann. Revs. Phys. Chem. (1950 - 1959).
25. Smith, J.M. et al, Ann. Revs. Thermodynamics

Ind. Eng. Chem. 50, 561 (1958)
Ind. Eng. Chem. 51, 472 (1959)
Ind. Eng. Chem. 52, 451 (1960)
Ind. Eng. Chem, ﬁ, 583 (1957)
Ind. Eng. Chem. 48, 676 (1956)
Ind. Eng. Chem. 47, 664 (1955)




The
list

B.

Ind. Eng. Chem. 46, 947 (1954)
Ind. Eng. Chem. 45, 963 (1953).

26. Sinke, G. C. et al, Thermodynamic Properties of Combustion Prod-
ucts, WADC and ARPA, Rept, AR-214-587, Dow Chem, (1 April 1959).

27. Beckett, C,W.et al, Preliminary Reporton the Thermodynamic Proper-
ties of Lithium, BeTyﬁum, Magnesium, Aluminum, and Their Compounds
with Oxygen, Hydrogen, Fluorine, and Chlorine, Nat.Bur.Stds.(U.S.)
Rept. 6297 (1 June 1959); Rept.6484 (1 July 1959).

28. Beckett, C.W., et al, Preliminary Reporton the Thermodynamic Proper-
ties of Selected Light-Element Compounds, Nat,Bur,Stds {U.S.) Rept. 6645
{Supplement to Repts.6297 and 6484), {1 January 1960, amended 1 April
1960). Also Rept.6928 (Supplement to NBS Repts. 6297, 6484, and 6645),

(1 July 1960). ’

29. Chem. Abstracts (1950-1961).

30. Nuclear Sci. Abstracts (1950-1961).

31. Eng. Index (1953-1958).

32. Phys. Abstracts (1950-1961).

33. Ceram. Abstracts (Recent Years).

34. Dissertation Abstracts (Recent Years).

35. TUPAC Bibliography (April 1960-1961).

36. Battelle Tech. Rev,

37. Monthly Index of Russian Accessions (Library of Congress), (1960).

scope of the entire primary literature uncovered is best indicated by the

of references in the reference code file in section VII-B.

ACCUMULATED FILES

Four files have been accumulated as prcducts of the literature search. The
primary ASM card file contains all the information obtained and handwritten by
the searchers and abstractors. All references were coded and punched into
IBM cards for the second file. An author index file could have been made from
duplicate IBM cards cf the "L" type {described in section C). However, it was
found more convenient to use printouts from the IBM cards (one for each




abstractor) in place of the author index, whose purpose has been to expedite
the elimination of duplicate references at the source and avoid needless repeti-
tion of effort, TheIBM cardfilewas intended to store all the information in a
form that could be handled by sorting, collating, and computing machines.

The fourth file is a subject index made up from the IBM card file.

C. DATA CODING AND IBM CARD FILE SYSTEM
1. Introduction
a. General Remarks

In the work on Phase I of this project, it has been necessary to store

in readily accessible form large amounts of bibliegraphic information
and numerical data on thermodynamic properties of certain chemical
elements and compounds. In Phase II, it has been necessary to cal-
culate thermodynamic properties by routine and often repeated proce-
dures. The problems of information storage, retrieval, and modifica-
tion, and calculation of related thermodynamic properties were expe-
dited and simplified by the use of electronic calculators and sorting
equipment available at Avco RAD., For this, a system for handling
both bibliographic information and numerical data had to be developed.

The system was designed to treat one phase of the problem, that of
storing the data in relatively accessible form when coded on standard
IBM cards in a fixed format. By means of the IBM Sorter, informa-
tion of any category could be easily culled out of the master file.

The following paragraphs describe the part of this system which was
used extensively in the literature search and bibliographic work.

b. Mnemonic Symbols

Limited storage space, the unwieldliness of large files, and minimiza-
tion of machine running time require symbols of minimum number of
characters to describe categories of information, units, values, etc.
On the other hand, this minimum length symbol might not easily be
remembered and coding time would be lost in continual reference to a
glossary and codes. A compromise has been reached in allowing the
symbol to correspond as much as possible to the commonly accepted
abbreviation. When shorter codes were required, the attempt was to
make them correspond to the sound of the quantity being coded.




c. Structure of IBM Cards

For purposes of reference, the IBM card is divided into rows and
columns. Columns are numbered consecutively ! to 80 from left to
right. Rows are numbered from top to bottom 12, 11, zero and 1 to 9,
To record information in the card, a given character (i.e., number,
letter, or special symbol such as *) is punched as a characteristic
hole or series of holes, all in the same column. Any character can be
punched into any column, but two or more characters cannot occupy
the same column. The character can be simultaneously printed at the
head of the column it occupies, allowing ready reading of information
on the card. A number is represented by a single hole (or punch) in
the given column. Thus, for example, the number 9 in column 73
would be represented by a punch in column 73 row 9. A letter is rep-
resenied by two characteristic holes in the same column and a special
character by three,.

For more compact storage of information, one allows a punch in the
12, 11, or zero row of a column where numeric information is stored.
Sometimes row 12 is called + and row 11 -. This is called an over-

punch (O/p).
d. Fixed Field Format -

Since a character occupies a column, a multicharacter symbol occu-
pies a series of contigucus columns called a field. For ease in sort-
ing, it is convenient to have all symbols of the same general type
occupy the same columns on different cards. Thus, for example,
suppose one denotes molar heat capacity at constant pressure by the
symbol CP (all letters must be capitals and no subscripts or super-
scripts are allowed). The convention is made that, for a given series
of cards, each card with a symbol for a thermodynamic property will
have the property in columns 2-5, Then to distinguish cards with Cp
data from those of other therinodynamic properties, sorts for C in
column 2, P in column 3, and blanks in 4 and 5 are made. The cards
selected in this way will have the desired information,

2. Types of Cards

In general, widely different types of information to be handled and sorted
will result in different types of formats. For compatibility with other
machines, which will eventually handle and use the data, the format of the
rest of the card is denoted in column 1. The various types of cards are
as follows:




Column 1 Meaning
D Definition Card
L Library Card
C Comment Card
Other Type A Card,

In all these cards, column | describes the type of card, 2 to 72 describe
the information, and 73 to 80 are reserved for card identification.

3. Card Identification Format

To have absolute, sequential numbering of cards and reference to the per-
son who took the abstract and the approximate date, the following format
was used in columns 73 to 80 of cards of all types.

Column Character Meaning

73 a One character symbol for month
A = May 1960, B = June 1960, etc.

o

74 v Abstractor. O/p indicates finder card
75 to“79 v Serial number
80 a’ Not used.

The explanation of character symbols is as follows:

i Numeric character

T o

Overpunched (O/p) numeric character
a  Alphabetic character

a’ Alphabetic or numeric character

o Specizl character

b Blank.




4, Librarz Cards

It was supposed that several pieces of data would often be taken from the
same reference. Each piece of data needs to be punched on a card which
will also have coded the reference by journal, volume, page, and year. It
would also be convenient to give further information about a given reference.
For example, one might want to know the names of the authors or a refer-
ence to an abstract, if any. This information was recorded on the library
cards, whose format is summarized below.

a. The symbols used in library card coding were as follows:

Column Character Meaning
1 L Identifies library card.
2-11 10 a Last name of first author. (The "10"

means that the 10 columns (2-11) contain
letters (alphabetic symbols). '

12 , ora A comma is the usual character, itisused
to separate last name from the first ini-
tial. For last names of eleven or more
letters however, the comma is replaced
by the eleventh letter.

13 a First initial of author's name. If the
last name is eleven letters long however,
this column is blank. If last name is
twelve or more letters long, the twelith
letter of the author's name occupies this

column,
14-22 9 a Second author's name, l
23 , Ora Follow the procedure indicated for col- ‘

umn 12, unless last name contains ten
or more letters, in which case comma
is replaced by the tenth letter,
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Column Character Me aning

24 a First initial of second author's name.
However if the last name is ten letters
long, this column is blank, If last name
is eleven or more letters long, the elev-
enth letter occupies this column.

25-29 5a Five-letter symbol for the original ref-
erence. Column 25 must be a. Occa~
sionally, numerical information is put

in columns 27, 28, and 29. For example,
a report with a designation AD-101-773
would have the AD-101 located in columns
25-29, while the 773 would be in columns

30-32,
30-32 3v Volume number of original reference.
(usual case) (see excep- Several variations are possible for 30-32,

tions below) | 33, and 34-39,

30 (alternative 30-1) R Report number will be given in the follow-
ing columns (31-39), using a fixed-field
format (31, 32), (33, 34), (35, 36),

(37, 38, 39), Dashes will be assumed
but not written between columns 32 and
33, etc.

30 (alternative 30-2) F Report number will follow in (31-39),
using a free field. Report numbers are
given with no regard for field. Any com-
bination of numbers and dashes can be
used, but the dashes must be written ex-

plicity.

30 (alternative 30-3) P Paper number will follow, using same
type of fixed field as for alternative 30-1
above,

32 (alternative 32-1) » Asterisk means no volume number is
given,

32 (alternative 32-2) t Plus means volume number is the same

as the year,
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Column Character Meaning

33 (usual) " Comma is the usual symbol used to in-
dicate that the page number of the origi-
nal reference follows in columns 34-38.

33 (alternative 33-1) or * Means an abstract number follows in col-
umns 34-38, rather than a page number,

33 (alternative 33-2) or / Means next two columns (34 and 35) con-
tain issue number, while column 36 must
contain another virgule, and page num-
bers are in columns 37-39,

33 (alternative 33-3) or S Means a supplement number will follow
in column 34. Page numbers will be
placed in columns (35-38).

33 (alternative 33-4) or P Means a part number of a report follows
in column 34,

34-38 (usual case) 5 v Page number or abstract number of orig-
inal reference. The smallest number is
placed in column 38, This system is used
if comma, or asterisk, is located in col-
umn 33.

39 (usual case) a’ A letter or a number is used with the
preceding page number to locate the col-
umn or row on the page where the refer-
ence is found, If this information is not
available, this column is blank.

34-39 (alternative)

Alternatives ate available as fescribed by 30-1, 30-2, 30-3, 32-1,
32-2, 33-1, 33-2, and 33-3,

40 { or Beginning parenthesis means that orig-
inal reference was consulted; asterisk
means that data were taken from a source
other than the original reference.
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Column Character Meaning

41-42 vov Last two figures of the year. A minus
{-) overpunch in column 41 means nine-
teenth century. In column 42 a plus (t)
overpunch means in Russian; a minus
(-) overpunch means in German.

43-44 2 a Symbol for abstracting journal, If the
symbol has four characters, the last two
characters are coded in columns 57-58.

45-46 2v Volume number of abstract,

47 or X Comma denotes page number to follow;
asterisk denotes abstract number to
follow.

48-53 5 va’ Page, column, or abstract number.

54 (or Same as column 40. Usually, the begin-
ning parenthesis will be used here,

55-56 2 v Last two figures of the year of abstract
publication.

57-58 2 a Last two symbols for the abstracting
journal,

59 a’ Character to denote availability of orig-
inal reference (see paragraph b of this
section).

60-69 10a Third author's last name.

70 , Follow procedure for column 12.

71 a Firstinitial of third author's name (see
procedure for column }3).

72 EorM If more than 3 authors, use "E'" (et al).

If any of the author's names could not be
completely coded; i. e, if any first ini-
tials are missing, use "M",




Column Character Meaning

73 a A letter to designate month in which orig-
inal ASM card was taken. Thus, May
(1960)="A""; June (1960) ="B" , .

74-79 bv Serial number for original ASM card.

80 v This column is not used with ""L'' cards.
However, "T'" cards may have numbers
starting with 1 in column 80. These in-
dicate the order in which "T'" cards should
follow "L'" cards in a bibliography.

b. A glossary of availability characters for column 59 of library
cards follows:

Character Meaning
L Avco RAD Research Library.
E Avco-Everett Technical Library,
M MIT Library.
H Harvard Libraries.
G AFCRLX* Library.
C Avco Crosley.
N Other nearby libraries (Boston area).
¢ Original on order,
v Abstractor with number.
P Personnel at Avco RAD.
Z. Abstract not available at Avco RAD.
X Original practically unavailable.

*Now, the Air Force Cambridge Research Laboratories, Bedford, Massachusetts; formerly AFCRC (the Air Force
Cambridge Research Center).
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5. Title Cards

Since title cards have a relatively free field, they were quite simple to
prepare. The coding scheme has been as follows:

Column Character Meaning

1 T Title card.

2 b Must be blank.

3-72 70 a”’ Case(l) (Author elaboration card). If an

"E" or '"M" were located in column 72

of "L'" card, then a title card is prepared
wherein all authors' names are given in
order,

4-72 69a’ Case (2). Both columns 2 and 3 must be
blank. The exact title is placed in col-
umns 4-72 in first and any succeeding
title cards if necessary,

73-79 a, 6 v Same code is used as for "L' cards.

80 - v Denotes sequence of title cards. If an
author elaboration card (Casel) is used,
a figure 1 is placed in column 80, and all
succeeding title cards are numbered in
sequence, If no author elaboration card
is used (Case 2), the first title card is
numbered 1, and the rest numbered in
gsequence,

6. Comment Cards

For verbal comment storage, column 1 of the card is a C, columns 2 to 8
are a symbol for the comment, column 9 is blank, and columns 10 to 72
are reserved for the comment. This type of card has been used,sparingly.
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7. Subject File

To avoid disruption of the file of ASM cards, a file arranged according to
subjects was developed through the use of a special set of IBM cards.
Only selected fields of these cards were coded as follows:

Column Symbol Meaning

I - PorM "P"= pure compound, "M'"= mixture,

2-5 4a Property which was investigated, (A list
is shown in property codes below. )

22-34 13a’ Name of compound or material studied,

73-80 8 a’ Usual serial number,

Property codes for the subject file are as follows:

REBTA
DBIB

DCEMP

DCOPT
DCP
DCRYS
DCTEX
DD¥F
DDH
DE
DELCH

DEMF

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

COMPRESSIBILITY COEFF BETA 1/V DV/DPT

BIBLIOGRAPHY

CONDENSED PHASE, ELEC OR MAGNETIC PROP, EG
WORK FUNC

CONDENSED PHASE, OPTICAL PROP
HEAT CAPACITY
CRYSTAL STRUCTURE

COEFF OF THERMAL EXPANSION

FREE ENERGY OF FORMATION, REACTION, ETC.
HEAT OF FORMATION, REACTION, ETC. -
INTERNAL ENERGY

ELECTROCHEMICAL

ELECTROMOTIVE FORCE
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DERES
DF

DH
DKIN
DMISC
DMSP
DPHAS
DPMCH
DREAC
DREV
DRHO
DS
DSPK
DTCON
DTHEO
DTHER
DVAP

DZKP

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

PRO

ELECTRICAL RESISTIVITY

FREE ENERGY FUNCTION

HEAT CONTENT

KINETICS

MISCELLANEOUS

MASS SPECTROMETRIC DATA

PHASE DATA, MELTING, TRANSITION, BOILING TEMPS
MECHANICAL PROPERTIES

CHEMICAL REACTIONS

REVIEW

DENSITY

"ENTROPY

SPECTROSCOPIC DATA
THERMAL CONDUCTIVITY
THEORY
THERMODYNAMIC DATA
VAPORIZATION DATA

EQ CONST
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8. Definition Cards

a. The usual format for definition cards has been as follows:

Column Symbol Meaning

1 D Definition,

2-6 2a, 3a Symbol for the reference.

2-11 REF Stands for reference,

12 A An abstracting journal is being coded.

B A book is being coded.

S A symposium is being coded.

X A journal or report number is being
coded, and a portion of this number is
to be included in the five-character
symbol for the reference.

20-72 53a' Definition of journal using abbrevations
of Chemical Abstracts and a free field
except for books or symposia (see
below).
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b. For books (designated ""B" in column 12), the following pertains:

Column Symbol Meaning
21-31 9a, a First author, first initial,
32-41 8a, a Second author, first ini;ial,
42-63 22 a Title of book.

64-70 (5a) Publisher (abbreviated).
71-72 FARY Year of publication.

¢. For symposia (designated

used:

"S'" in column 12), the following were

Column Symbol Meaning
21-31 1l a Name of town,

32-41 10 a Name of country.
42-70 29 a Name of symposium,
71-72 2 v Year of meeting.

d. Code-Field Entries

Columns 72-80 of the L-type and certain other cards are called the
"code' field. For other fields, symbolic entries have to be defined

by definition cards. The interpretation of the code field is too simple
to require this, and thus, no '""D'" cards have been made for code-field
entries,
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e, Additional Functions of '"D'" Cards

It is useful to have the ''D" cards not only to give the verbal definition
of a symbol, but to show relationships between symbols. Thus, the
"D'" cards become a 'thesaurus'' as well as a '"dictionary.'" Pro-
vision has been made for this in the "D'" cards by including an asso-
ciated symbol field and a control character.

One of the main purposes of the definition cards will be to find dupli-
cate references. Thus, if two ASM cards have been prepared in-
advertently from the same original reference, the '"code" card will
show that this similarity exists. Codes for other methods of using
these cards are shown immediately below.

Column Symbol Meaning

1 D Definition,

2-8 a, bv Symbol for the ASM card to be defined.

9-11 COD . Code.

12 {usual) S Identical (synonymous),

12 (Alternative L Similar, If a publication had appeared
12-1) as a journal publication, the contents

might be quite similar but not identical.

12 (Alternative T A translation of basic reference is
12-2) - available,

13-19 a, b v Symbol for the ASM card in terms of

which the entry in columns 2-8 is
defined.
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f. The following symbol types have become established:

-1 Symbol Type Meaning
PRO Property
UNT Units
SAG State of aggregation
WAY Method of determination
REF Reference
TBL Table
MIX Mixture
cCoOM Comment
CND Condition.

Certain of these symbol types require specification of the A field.

Symbol Type A Field
UNT Property measured in these units )
WAY Quantity calculated by this method
CND Property given by standard state value.

At prescnt, there is only one use for the control character in column

12. S in column 12 means that the symbols in the D and A fields are

synonymous. Other control characters can denote other relationships
between the D and A fields.
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III. CALCULATION AND TABULATION OF THERMODYNAMIC
FUNCTIONS FROM AVAILABLE DATA

A. FORMAT AND SCOPE OF TABULATIONS

An important aspect of any project of this type, where thermodynamic functions
are to be tabulated, is the format of the tables and the summaries of basic data
used in their computation. The standard state reference temperature and the
units of numerical data also require careful choice. Standardization in these
matters has evolved from a number of such compilations of recent years from
the National Bureau of Standards, the Bureau of Mines, etc. A particularly
good model for the type of compilation undertaken in this project is that of the
JANAF-Thermochemical Panel which is issued under the direction of Dr. D. R.
Stull. Except for the introduction of a few innovations, the example of the
Thermochemical Panel has been followed in the work on this project so that the
results of the two compilations will be compatible. The innovations referred to
are the addition of uncertainty estimates and extra entries to define property
discontinuities at transition points.

B. STANDARDIZATION OF PHYSICAL AND CHEMICAL CONST ANTS

Another important aspect of data computation and tabulation work is the choice
of a consistent set of physical constants such as the atomic weights, gas con-
stants, temperature scales, etc., because more than one atomic weight scale
is in general use, and the acccpted best value of most constants changes from

time to time.

The source of constants (other than atomic weights) selected for this study is
the data tabulation by Cohen, Crowe, and Dumond. 1 However, their data have
been obtained by reference to the physical atomic scale; whereas for the pre-
sent work, the chemtical atomic scale has been used. The factor for conversion
of atomic weights from the physical to the chemical scales was taken as
1.000275 from Birge.“ Constants converted in this way are given in Table I.

lCohc.-n, E.R., K.M. Crowe, and J.W.M. Dumond, Fundamental Constants of Physics, Interscience, N.Y. (1997), 287 p.

ZHicge, R.T., Repts. Progr. Phys. 8, 90 (1942).




TABLE I

VALUES OF USEFUL CONSTANTS ON THE
PHYSICAL AND CHEMICAL SCALES

Quantity Physical Scale Value Chemical Scale Value

Avogadro's
number, N (6.02486 + 0.00016) x 1023 | (6.02320 + 0.00016) x 1023

Gas constant,
Ro 1.98780 cal/°K mole 1. 98726 cal/ °K mole

Wichers> has reported the latest status of the atomic weights on the chemical
scale, and the table from his paper was used in this work. The authors are
unaware of any further changes resulting from the proposed unification of phy-
sical and chemical scales by the International Commission on Atomic Weights
discussed in Wichers paper.

Some additional constants used in the computations of the project are as follows:.

I Thermochemical calorie (designated

4. 1840 absolute joules
''cal' in the tables) e

2.7182818284

o
"

log, 10 = 2.3025850929

logjp¢ = 0.4342944819

exR =4,575835 cal/°K mole (chem)
1 cm™! = 2.8592696 cal/mole (chem)

1.439584 x 1018 cal/mole (chem)

| erg/molecule

1ev = 23,062.999 cal/mole (chem)
Ice Point = 273.150°K
he/k = 1.43880 + 0.00007 cm° K.

3ichers, E.. J. Am. Chem. Soc. 80,4121 (198).
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C. THEORETICAL RELATIONS FOR HEAT CAPACITY VERSUS TEMPERA-
TURE

One of the most important steps in the computation of thermodynamic functions
of solids is smoothing and curvefitting of Cg-versus -temperature data. One
looks to the existing theories for mathematical functions to use in this kind of
analysis. The theory provides mathematical functions for C,. Cy and C? are
almost equal at low temperatures, and these theories are applicable to the data
under these conditions. In fact, it may be only at low or moderate tempera-
tures that there is any hope at present for finding suitable mathematical func-
tions for these purposes. This is in no way an attempt at a comprehensive re-
view of the theory but merely at a summary of the best available theories that
have direct bearing on the problems of this project. Some comprehensive re-
views are available on this subject. "

1. The Law of Dulong and Petit

An empirical rule that has been often used and quoted is the law of Dulong
and Petit,9 which states that ""All solid elements have the same heat ca-
pacity per gram atom.' At moderate temperatures, the atomic heat ca-
pacities are almost constant at 6.2 £ 0.4 cal deg'l in spite of the increase
in atomic weight from 7 to 238, 9 In time, it became evident that there
were many notable exceptions to this rule, and recent theories have pro-
vided a basis for the rule and explanations for the exceptions.

2. Kopp's Law

Kopp's law? states that "The molar heat capacity of a solid compound is
approximately equal to the sum of the atomic heat capacities of its constit-
uents. ' This rule has been very useful; for example, it has been used to
estimate molecular weights in doubtful cases. Winkelmann's%: 10 expres -
sion for the specific heats of glasses is of the same form.

4Mon(roll, E.W., Vibrations of Crystal Lattices and Thermodynamic Properties of Solids, In: Handbook of Physics,
McGraw-Hill, N.Y. (1958), part 5, chap. 10, p. 199.

SBlnckmnn, M., The Specific Heat of Solids. Handbuch der Physik, Springer Verlag, Berlin (1955), p. 325-382.

(’chaunay, }.. The Theory of Specific Heats of Lattice Vibrations, vol. 2, Solid State Physics, In: Advances in Re-
search and Applications, Academic Press, N.Y. (195G), p. 219-303.

7Pnrtington, J.R., An Advanced Treatise on Physical Chemistry, Vol [ll, Longmans Green, London (1952), p. 264-320.

8Bom, M. and K. Huang, Dynamical Theory of Crystal Lattices, Oxford Univ. Press, Oxford (1934):

9Glmssmne, S., Textbook of Physical Chemistry, Van Nostrand, N.Y, (1946), p. 413.

0% nkeimann, A., Ann. Physik, 49, 401 (1893).
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3. Vibrational Contributions at Low Temperatures

a. Einstein's Theory

The Einstein®» !l theory was not completely successful in fitting ex-
perimental heat capacities, but the function derived from it is often
used in other ways as shall be seen later.

The Einstein model for a crystal system of N identical particles is that
each atom vibrates harmonically in the isotropic potential field of all
the other atoms. The energy of the particles can be written in terms
of three linear harmonic oscillators, one for each dimension in space.
The mean energy of a quantum mechanical linear harmonic oscillator
with a frequency v is

b L : C (1)

- exp (hv/kT) -1

The total energy of the system at equilibrium is therefore 3N¢; and its
constant volume heat capacity, vbtained by differentiation with respect
to temperature, is

C, = 3NkE(x), (2)
where
x = hy/kT , (3)
and E(x)is the Einstein function, b
(x/2)?
E(x) = —o—— . 4
sinhz(x/Z) )

The limit approached by equation (2) as the temperature increases is
3R per gram atom as it should be, but the limiting form at low tem-
peratures is

Cv ‘:Bszc"x , (5)

and this does not fit the low-temperature data of solids very well.

NEinatein, A., Ann. Physik, 22, 180 (1907).
lehermnn, ]. and R.B. Ewell, A six-place table of the Einstein functions, ], Phys. Chem. 46, 641 (1942).
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b. Debye's Elastic-Continuum Theory

Debye4’ 13 yas the first to derive a theoretical expression that fitted
experimental heat capacities well over the entire range of tempera-
tures for which data existed at that time. It is widely used by itself
and in combination with Einstein functions.

Any system of N harmonically coupled point masses has 3N independent,

normal modes of vibration with frequencies VI ¥yttt V3N The total
energy of such a system is

(6)

m
u
~
—
=y
P
| -
]
—_
i
2l -
o
g
\/

where

th/kT . (7)

C, is therefore given by

IN

(x,/2)?
C, = k E - . (8)
sinhz(xi/Z)

j =

For very large values of N, the sum can be approximated by an integral
and C, is given by

Ve

- (hv/2kT)2
v
C, =k ROV —— v, (9)
sinhZ (hv/2kT)

0

wherein g is the frequency distribution function or frequency spec-
trum, and v is the limiting (largest) or cutoff frequency resulting
from the fact that there is a finite number of normal mode frequencies.

BDebye, P., Ann. Physik, 39, 789 (1912).
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Equation (9) is obviously just an integration of the Einstein function
over the distribution function g(v).

Debye13 derived expressions for g(v) and y; from the theory of vibra-
tions of an elastic continuum.

g = 4nvit@c3 4 c'f) : (10)

9N 13
c (11)

vV =
4nV (2 ct—3 + C}S)

Therefore, the correct distribution function that allows for the cutoff is

oN [ v\ _
| — ifv < v -
L A\ML

0 ifv >y . (12)

glv) =

The final expression for C, is then

ix
exp(x)-1

Cv = BNk [4[)‘(!)— } = 3NkD(!), (13)

where the entire function in the brackets is called the Debye specific
heat function, D(x),

x = GD/T , (14)

Op = hu /k |, (15)
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and
X

D* (x)= > ' (16)
13 eh-1

0

In equation (16), n is a dummy variable, and x is defined by equations
(14) and (15). 6 and D*(x)are called the Debye temperature and the
Debye energy function, respectively. Beattiel4 has tabulated values

of the D(x) and D*(x) functions.

The limiting form of equation (13) at low temperatures; i.e., x>>1, is

C, = 3Nk [(4/5):#‘:'3 +] . (17)

The T3 function has been extensively used to fit low-temperature heat-
capacity data.

The high-temperature limiting form is

C, = 3Nk [l —(%)xz + (-5—23):4 +---] . (18)

The limit approached by C_ as the temperature increases is therefore
3R.

Closer examinations of the fit of the Debye theory expression to experi-
mental data have shown that it is not perfect.” According to the theory,
C, Is a universal function of the temperature with only one adjustable
parameter, 8. Yet the value of fpis found to be a function of the
temperature for all substances. 5 Improvement of the theory has been
sought in sophisticated studies of the discrete lattice. 8

c. Conclusions from Discrete Lattice Theory

It is only natural that attempts would be made to improve the fitting of
experimental data by employing combinations of Einstein and Debye
functions. The Nernst-Lindemann '~ formula,

MBeattie, J.A., ]. Math. Phys. 16, 1 (1926).
lchmnl, ¥. and F.A, Lindemann, Z. Elektrochem; 17, 817 (1911).
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C, = (%k) [E(x) + E(x/Z)] , (19)

is an example which fitted some data well because the vibrational
spectra happened to contain two peaks, one at roughly one half of the
frequency of the other. 5: 16 wige et all? have recently employed
the formula, T

to represent their boron data where the significance of the subscripts
1 and 2 on E; and E; was not explained. This must be regarded as
an arbitrary curve-fitting procedure since it is not applied to Cy, it
leads to a high temperature limit of 4R for C° , and it neglects con-
tributions from anharmonicity corrections as well as the 982VT/x term
to be discussed later.

Sophisticated theories of the discrete lattice®’ 18 have provided a
rational basis for this type of approach. For a lattice containing s
atoms per unit cell, it has been deduced that there are 3s solutions to
the secular equations for the angular frequency. Three solutions
(acoustic branches) tend to » = 0 as the wavelength approaches infinity;
3s - 3 solutions (optic branches) tend to w = constant as the wavelength
approaches infinity.

An important approximation has been obtained by application of the
following assumptions:

1)  The optical branches are considered to contain a narrow
range of frequencies, and the specific heat contribution of each
15 approximated by an Einstein function {"i'' summation index).

2) The acoustic branches are each represented by a Debye
spectrum with a suitable Debye temperature. ("j" summation
index).

l6Eil-c:kmnn, M., Proc. Roy. Soc. (London), A148, 384 (1935).

17\'i|e(. S {.L. Margrave, and R.L. Alqpnn, The heat content of boron at high temperatures, J. Phys, Chem. _6_4,
913 (19

18ch, N., Atomtheorie den festen Zustandes (1923).




Therefore, the heat capacity for a gram formula weight of the s atoms is
3 3s

C&=R EJD(e—j/T>+R E E(6,/T) . (21)
j=1 i=4

D((;i/T) is the Debye specific heat function {in Eq. (13)), and E((;i/T) is
the Einstein function (Eq. 4).

The §; must be chosen so that C, fits the data well at low temperatures
(where the acoustic branches are important), and the corresponding
average velocities satisfy the relation,

1 1 dQ
'(':i3 c’} 4n ' (22)

for each acoustic branch where Q is the solid angle. This is necessary
since the velocities can be orientation-dependent and the frequency
spectrum, in the limit of low frequencies, is 3 VF v2 , where

3
_i_ dfl .
F = (4n/3) E (:5) o (23)
|

j=1

The quantity F corresponds to (ZC(_3 + Cia) in the Debye theory, Values
of 6. for the acoustic branches can be estimated from the elastic con-
stants of the solid since ’

7 G) A (%) g (ﬁ)m . (24)

where ¢, is the average sonic velocity for each branch, and V, is the
volume of the unit cell. The average velocity can be calculated directly
using the determinant for the velocity of propagation of elastic waves
from the standard theory of elasticity of solids. This determinant
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provides an equation relating ¢; to the lattice parameters and the di-
rection of propagation which makes it possible to evaluate the integral

in equation (22) and obtain the average velocity ;:.’ - 3,/5)-3, The optical

frequencies v4 to v3g can be taken as the frequencies where the solid
shows minimum transmission in the infrared. i

The limit approached by equation (21) as the temperature increases
is 3Rs for a gramformula weight of the satoms. The average limiting
heat capacity per gram atom is therefore the classical value 3R.

Equation (21) applies best where the acoustic and optical branches are
well separated. When they are not well separated, it may give a worse
fit than a single Debye spectrum,

In trying to obtain a fit to low-temperature data by simultaneous solu-
tion with 3s points, one should remember that the points must be
""'smoothed' since the raw data contain statistical variations within their
accuracy limits. This method should be used in combination with a
least-squares regression analysis to obtain the most probable values

of the 51 's and 51-’8.

Detailed calculations of frequency spectra have been made for several
systems such as a body-centered cubic lattice (fitted to the tungsten
elastic constants 19), ionic crystals of the alkali halide typeZO (charac-
terized by long-range coulombic forces between ions), diamond, “* face-
centered (close-packed) cubic crystals, 22 and alkali metals. %3 In gen-
eral, these frequency spectra have a form not in good agreement with
the assumptions in equation (21). Debye spectra do not generally repre-
gent the acoustic branches well. In the case of ionic crystals, there is
a pronounced, high-frequency tail to the optic branches that makes the
use of Einstein functions dubious, However, one must bear in mind

that the heat capacity is rather insensitive to the form of the frequency
spectrum, especially at very high temperatures, and crude approxima-
tions in g{v) can give surprisingly useful representations of the harmonic
vibration contributions to C_. 2

9Fine, P.C., Phys Rev. 36, 355 (1939); Montroll, E.¥. and D. Peaslee, J. Chem. Phya. 12, 98 (1944).
2oxellermmn. E.V., Phil. Trans. Roy. Soc. (London) 238A, 513 (1940); Jona, M., Phys Rev. 60, 823 (1941).

2LSmith, ., Phil. Trana. Roy. Soc. (London) 241A, 105 (1948).
22Lei5h(on, R.B., Rev. Mod. Phys. 20, 165 (1948).
BEychs, K., Proc. Roy. Soc. (London) 1574, 444 (1936).
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A number of methods have been worked out for obtaining Debye tem-
peratures from other physical properties, 5 such as the temperature
dependence of the intensity of X-ray diffraction spots, infrared ab-
sorption or reflection peaks, compressibilities, melting points, elec-
trical resistance, and expansion coefficients. Such methods provide
only crude estimates of C, at low or moderate temperatures because
of the inadequacy of a single Debye temperature in fitting actual data.
Moreover, the Debye temperatures so obtained do not exactly equal
those obtained directly from C, data at any temperature. The '"ther-
mal spot'' theory appears to offer some promise since it can be used
to obtain detailed frequency spectra indirectly from lattice constants
derived from studies of X-ray scattering.

4. Electron Gas Contributions at Very Low Temperatures

The free electron gas in electrical conductors is responsible for most of
their heat capacity at very low temperatures. 4 The free electrons obey
Fermi-Dirac statistics, and this results in a low-temperature heat capacity
contribution proportional to the absolute temperature. When combined

with equation (17), this results in the expression often used with metals at
very low temperatures

CO = 464.4(T/Bp) + aT . (25)
The electron gas contribution is negligible at the intermediate temperature
level.

5. High-Temperature Specific Heat of Solids

Some progress has been made in the development of the theory of specific
heats of solids at high temperaturess' 24, 25 byt more progress needs to
be made in calculations for individual systems before our understanding of
this property is complete.

Experimental measurements provide C};’ data, but the theory is usually
concerned with C; . These two quantities are related by means of the
well-known equation derived from rigorous thermodynamic relations i,e,

. 26
Co = Cy + 9BV eo)

MBorn, N. and E. Brody, Z. Physik 6, 132 (1921).
BSchroedinget, E., Z. Physik 11, 170 (1922).
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TABLE Il

REPRESENTATIVE HIGH-TEMPERATURE HEAT CAPACITY DATA

N T (G Cc® /s
umber Element or Ps Reference o
of Atoms Compound DIV A Number cal/giw®C
°F °K
2 TiC 2800 - 13.180 26 6.59
2 TiN 2800 —-- 13. 496 26 6.75
2 TiN 4000 --- 14. 2 27 7.1
3 ThO2 - 2000 22,40 26 7.47
2 MgO 3200 --- 13.669 26 6.83
2 BN 1700 - 8. 207 26 4.10
2 BeC 2800 --- 7.022 28 3.51
2 BeO 1400 --- 12.256 26 6.13
1 Graphite 2000 --- 5. 405 26 5.404
1 ATJ Graphite 4000 -—- 5.5 29 5.5
1 Graphite 3125 --- 5.92 This Project 5.92
1 Graphite 3040 --- 5.94 27 5.94
3 Uo, 2200 .- 21.330 26 7.11
3 TiO, 2800 --- 13.496 26 4.50
4 UCl, 1400 - 31.682 30 7.92
4 ZrN* 4000 lc.6 29 6.3
5 ZriN, 975 = 42.235 26 8.46
5 AlZO3 2800 --- 32.627 26 6.53
5 Al,;03 --- 1873-2273 38.2 31 7.65
5 CriC; 1790 --- 37 811 26 7.56
1 w - 1273 6.66 7 6.66
! w 4000 .- 7.7 49 7.7
1 Fe-y --- 1773 9.44 7 9. 44
1 Fe-a --- 773 .10 7 9.10
1 Fe-a - 973 12.84 7 12.84
1 Fe-a --- 1073 11.70 7 11.70
1 B ~-- 2000 7 288 17 7.288
1 B --- 2000 7 20 32 7.20
7 SizNg* 4000 --- 42.1 29 6.0
2 TaB* 4000 --- 18.8 29 9.4
2 ZrC* 4000 --- 12.4 29 6.2
2 NbC* 4000 --- 13.1 29 6.6
2 TaC* 4000 --- 13.9 29 70
2 ZrBx 4000 --- 18.4 29 a2
*Assumed formula; not given by source.
Ib(elly. K.K., Dats on Theotetical Metallurgy, X. High Tempersture Heat Cantent snd Entropy for Inorganic  ompounds, U.S.Bur. Minen Bull. 476 (1949).
17an, N.S. and J.D. McClelland, Part |. Thermal Propetties of Materials, Properties of Graphite, Molybdeaum and Tantalum to Their Deatruction Temperaturea

WADC-TR-36~400 (1956).

m(‘vlnnin‘l, D.C. and G.T. Furukaws, Heat capacity standards for the tange 14° 0 1200°K, J. Am. Chem. Soc. 75, 525 (1993).

29Smuhern Research lastitute, Quearterly Pragress Report No. 4 to FADD, Rept. No. 4198-1008-XI1, The Thermal Propertien of Solid Materials to Very High Temperatures,

Contract AFY}616)0312 (B Apnl 1960).

‘Oummn‘i. D.C. snd R.]. Cotruccini, An lmproved Ice Calorimeter - The Determination of {ts Calibration Factor snd The Densaty of Ice at 0°C, . Resenrch Nat. Bur.

Stdw. 18, 383 (1947).

"KII‘I“II‘L V.A., A. YeSheyndlin, and V. YaChenkovakiy, Akademiya nauk SSSR, Doklady, 133, 129 {1960).

"Smhp G.C., D.R. Seull, R.M. Hunter, H.A. Robinsen, and R.P. Rub, Thetmadynsmic Propertien of Combustion Products, ¥ANC and ARPA, Rept. AF-214-987,

Dow éhem. Co. (1 Apni 19%9).
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where B is the linear thermal expansion coefficient, v is the volume, and
x is the bulk compressibility. * The first term on the right takes care of
the vibrational energy contributions and approaches a high-temperature
limit of 3R per gram atom for a harmonically vibrating lattice. The sec-
ond term on the right accounts for the energy abisorbed due to expansion
against the cohesive forces of the solid.

In many actual cases, as one can see from Table II, the 3R limit per av-
erage gram atom is exceeded at high temperatures, and one must look

fer large contributions from the expansion term and other possible terms
due to anharmonicity, conduction electrons, gradual transitions, and higher
electronic energy levels. The extensive heat capacity data for tungsten33
plotted in figure 2 show how these additional contributions and the expan-
sion term vary with temperature for that substance,

a. Constant Volume (Vibrational) Heat Capacity Contribution

Born and Brody24 and Schroedinger25 investigated the specific heat of
an anharmonically vibrating lattice. Born and Brody approached the
problem by studying the contributions of terms higher than quadratic

in the displacement coordinates of the potential energy to the Helmholtz
free energy of a system of quantum mechanical oscillators at large
amplitudes. From this, they calculated corresponding contributions

to the entropy and internal energy and obtained those for C, by differ-
entiation of the latter with respect to temperature. They found the
limiting form of C, at high temperatures to be

C, = 3R(1-GoRT) (27)

Fromequation (27), it can be seenthat the anharmonicity correctionover
the classical limiting value is ~180R2T. ¢ is a characteristic constant of
the crystal whose signisthought by some tobe not determined sothat it
could presumably be either positive or negative. 5,7 Born and Brody24
state that ¢ is negativeandthat C, values above jR aretobe expected.
The case of rocksalt has been analyzed by two methods, 34, 35 and
there appears to be a maximum in C, versus temperature of uncertain
validity. There is no.evidence for such a maximum in the tungsten33
data in figure 2. It is also obvious from the figure that harmonic
vibration contributions do not account for the value of Cyat high tem-
peratures. The difference between C, and 3R at high temperatures is
large and not quite linear with temperature.

33 Zwikker, . and G. Schmids, Physica, 8, 329 (1928).

MEucken, A. and ¥. Daondhi, Z. Elektrochem. 40, 814 (1934).

BSiegel, S. and L. Huater, Phys. Rev. 61, 84 (1942).

‘B= (l/i) (HQ/BT)P and xk=—(1/V) ((9V/¢9p)-r where »Q is length and p is pressure,
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It is possible in principle to calculate C, for ionic crystals, using the
free energy, by a method developed by Born. 3

b. The Expansion Term

Euken and Dannohl34 have made an analysis of C° - c, for a number
of substances relying upon the assumption that the G::uneisen constant
y is independent of temperature to obtain the compressibility from the
thermal expansion coefficient. In the case of rocksalt, the results of
their analysis differ enough from those of Siegel and Hunter, 35 who
used a complete set of available data, that the method must be con-
sidered with some reservations. Siegel and Hunter found that the
9V32T/k term is large at high temperatures.

Gruneisen's?» 37, 38 theory for the equation of state of a solid neglects
anharmonicities. This theory assumes that the normal mode frequen-
cies are volume- or lattice-spacing-dependent. This dependence is
represented by a parameter y, the Gruneisen constant. The equation
of state and expansion coefficients are therefore functions of y. For
the well-known Debye continuum model of a crystalline solid, y is
defined as

dlogfp

(28)

B dlogV

where 6 is the Debye temperature, and Vv is the volume., From the
equation of state of a Debye crystal, one finds that

and

B = xyC,/3V, (30)
since

B = (1/3)x(dp/dT)y . (31)

8o, M., J. Chem. Phys. 7, 591 (1939).
‘VGrunciscn, E., Handbuch der Physik, vol. 10, p. 22, Springer-Verlag, Berlin (1953).
385 later, J.C.. Introduction to Chemical Physics, McGras-Hill, N.Y. (1939}, p. 215-220.
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This provides a useful approximation for evaluating the expansion
term 9V ﬁz’r/x in equation(26). y for many metals remains constant
over a wide range of temperatures and densities.

9

Lindemann and Magnus ’ proposed the empirical equation,

cs-c, =ar¥?, (32)

wherein a is a different constant for each substance. Since this for-
mula, witha equalto 7 x 10-6 ca1 °K‘5/2/g atom, fits the tungsten
data in figure 2 within a few tenths of a cal/g atom °K, it appears

to be a useful approximation for use in extrapolating rough data. A
more exacting test of this approximation is presented in figure 3 which
shows more precisely the extent of accuracy that can be expected.

c. Conduction Electron Contributions

For the heat capacity of electrical conductors such as metals, there
is a contribution proportional to the temperature for the conduction
electrons at low temperatures as discussed in section III-C4.% This
contribution is negligibly small for most metals at room temperature
except for the transition elements such as platinum and palladium. 5
Since this contribution is an increasing function of the temperature,
it could well contribute outside the experimental error at very high
temperatures for many refractory metals. Many of the compounds
within the scope of this project become conductors at high tempera-
ture, but the importance of this contribution to their heat capacity is

unknown,

The large contribution in the case of ferroelectric metals has been
discussed in some detail, 39, 40, 41

d. Transitions

The occurrence of thermal transitions complicates the analysis of
high-termperature specific heat data even further. These can be of
several types which in principle can be clearly classified but in prac-
tice are less definite. A brief but penetrating review of this subject
has been provided by Smoluchowski.

39Stonc:r, E.L., Proc. Roy. Soc. (London) A169, 339 (1939).

40Moxt, N.F., Proc. Roy. Soc. (London) A152, 43 (1535).

*Hune, X.L., Proc. Roy. Soc. (Loadon) A216, 103 (1953).

42, 5luchowski, R., Phase Transformatioas in Solids, In: Handbook of Physics, McGraw-Hill, N.Y. (1958), Chap. 8,

p. 8-108.




1] |

f
\

FROM REF 13

E O

L

“Ey

HEAT CAPACITY, cal K g otom

LINDEMANK-MAGHNUS FORMULA

(ragt Y

[} 1000 2000
TEMPERATURE, *K

Figure 2 ATOMIC HEAT CAPACITY OF TUNGSTEN VERSUS TEMPERATURE

(1]
5 7
= _ 4
a7 7
06 |—— a3
m———— TUNGSTEN DATA OF IWIKKER AND SCHMIDT /
03 — 32
[R— /
04 /’/
|
a3 7
/ |
% |
i | i i

| {
ol | //
aos b | VA —
008 |— ‘ I/
< go? | 4
5 A4 ’ ‘
~3 008 | ,/ t + {
o 1 I
008 # « { )
oot | s H

007 —

600+ " . 5 . s (O S
oo 00 300 400 600 800 1000 A0 2000 3000
TEMPERATURL  *v

Figure 3 TEST OF LINDEMANN-MAGNUS FORMULA WITH TUNGSTEN DATA

1-37




Ehrenfest suggested a classification of transitions into orders accord-
ing to which a transition is of the ah order when temperature deriva-
tives of F, the free energy, lower than the nth are continuous at the
transition temperature while the nth derivative is discontinuous.
Strictly speaking, only first-order transitions are phase transforma-
tions, but this designation has been commonly used for all transitions.

The usefulness of Ehrenfest's classification has been limited because
of various intermediate kinds of anomalies that make it difficult to
determine whether or not continuity of thermodynamic functions exists.
Figure 4, due to Mayer and Streeter, *- illustrates various common
types of transformations.

First-order transformations are in principle simple to treat. They
are the most common type where two phases can coexist in equilibrium
and there is a definite heat of transformation. Integrations for ther-
modynamic functions can be performed smoothly over the two separate
phases on either side of the transition point, and a heat and an entropy
of transition can be added above the transition temperature, the free
energy of transition being zero. Often in practice however, each phase
anticipates the onset of the other so that the transition is not perfectly _
sharp, Large rises in C? just below the melting point, called pre-
melting, have been observed.

Second-order transformations are usually of the "lambu." type. In
such cases, some continuous change is evident, and a definite heat of
transformation cannot be assigned.

Diffuse transformations are spread out over a large range of tempera-
ture. Here again a definite heat of transformation cannot be assigned
to them.

Certain crystals such as ammonium and hydrogen halides undergo a
transformation as the temperature is increased that was first thought
to be due to the onset of free rotation. 44 A better interpretation ap-
pears to be that of Frenkel,45 who proposes that it corresponds to a
progressive decrease in orientation of oscillation axes of the ions up

to a critical temperature and then random orientation above the critical

temperature. 6,47, 48 p, generally this type of transformation

“Mnycr, J.E. and 5.F. Streeter, J. Chem. Phys. 2, 1019 (1939).

M pauling, L., Phys. Rev. 36, 430 (1930).

Freakel, J., Acta Physiochem. (USSR) 3, 23 (1935).
4GWsngmer, E.L. and D.F. Hornig, J. Chem. Phys.ﬁ. 296 (1950).

”chy, H.A. and S.W. Peterson, Phys. Rev. g_}. 1270 (19:1).

481 awsoo, A.¥., Phys. Rev. 57, 417 (1940).
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occurs is not known, but a similar type has been reported to occur in
many organic compounds and even polymers,

Another phenomenon which appears in many metals and compounds at
very high temperatures is thermionic emission. This also cannot
strictly speaking be considered a transformation since it develops
gradually as the temperature is increased. Its importance to the
thermodynamic properties of the solid depends upon the extent to
which it occurs which in turn depends upon the work function. Since
it provides an electron gas species in the vapor at equilibrium with
the solid, it is related to the ionic equilibria in the vapor.

'm(".lnss(onc. S., op. cit., p. 428.




D. THE MONATOMIC GAS COMPUTER PROGRAM

1. Method of Calculation

The methods of calculation for the thermodynamic properties of monatomic
gases are well known and have been described in many standard texts,
articles, reports, etc. 50,51 The general procedure followed in the present
project has been that of Kolsky, Gilmer, and Gilles. 51 Their equations
were modified in some cases to give the following formulas adopted for

use in the present work:

av;
Q = E @ +ne T, (33)
i
avi
Ql - E (2]l+l)vle T 9 (34)
i o
avl-
Q = Z (21i+l)vi2e T (35)
i o
36
H598 - HB = K (%) + 298.15K, (36)
298
. = Q1> Q1> ] (T ~298.15) (37)
Hy - H = K — - = + Ky — ,
T 298 1 [(Q <Q o 2 1000
K 2
3 Q Q (38)
o ) _ (Xl
CP'?KQ) <Q” St L
- K Q (39)
5-1-=—_I_l—(—QL)+Ran+K4lnM+K21nT+K5 , A

5()Ml)’cr. J. E. and M. G. Mayer, .S(nris(iul Mechanics, Wiley, N.Y. (1940), p. 109.

5ll(olsky, H. G., R. M. Gilmer, and P. W, Gilles, The Thermodynamic Properties of 54 Elements Considered As Ideal
Monatomic Gases, Los Alamos Scientific Laboratory, Rept. LA-2110 (15 March 1957).
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F%—H
ol

[e}

K
298,> = RInQ + K4lnM + KZInT + KG + -%(%)
298

298.15
+ K2 ( > .
T

FO HO
T~ O} -RIlnQ + K4InM + K, InT + K
S\ ) " RlhQ v Ky 2 6

o] o]
_(FT oMY}, (Has - Mo | _ (FT - Mas)
T T T

AHE = MR ga+ (HE = H3og)

"

AFP

(

Loglo Kp &

— (H% = H%,q)
monatomic gas ( T 298’tef. state

- o] =}
o r i L)
A”f298_ — - [ —=
1000 T monatomic gas

T = H§98> :l
T ref. state

~ 1000 AF§
4575835 T

(40)

(41)

(42)

(43)

(44)

Definitions of some of the symbols used above can be found in Table III,

The remaindec

Q

”é‘)B - H‘O

‘r are defined as foliows:

= partition function,
= inner quantum number of the ifll state,

=wave number for a given energy level in cm?~

absolute temperature in degrees Kelvin,

I,

’

= enthalpy of an ideal gas at 298. 15°K relative to the ideal

gas at absolute zero,
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TABLE 1l

VALUES OF PHYSICAL CONSTANTS FOR GAS-PHASE CALCULATIONS

Value "Perturbed"
Value of Used in Value Used in
Constant | Definition Kolsky et al ! Units Preseni Work | Error Calculation
a 3 1. 43880 cm deg " 1. 43880 1. 43873
: £0. 00007
K, Ra 2.860047 | cal cm mole-! 2.8592696 2.859523
+0. 000254
K, (5/2)R 4.96950 cal deg-lmole-!|  4.968150 4.968350
£0, 00020
K, Ra? 4.115035 cal cm?deg 4.1139163 4. 114481
mole~ +0. 000565
Ky (3/)R 2.98170 cal deg=lmole-!| 2.98089 2.98101
£0.00012
s Sackur- -2.316818 cal deg™Imole-1| -2.315380 -2.31525
Tetrode +0.00013
Constantzo
K¢ K+ O/DR | -7.286318 | cal deg=!mole!| -7.283530 -7. 28320
+0, 00033
R Gas 1.98780 cal deg~lmole~!| 1.98726 1.98734
Constant +0. 000081
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HY - H§98 = enthalpy of an ideal gas at temperature T , relative to
the ideal gas at 298. 15°K.

C; = heat capacity of ideal gas in cal/°K, g mol,

St = entropy of ideal gas in cal/ °K, g mol,

F% -H3
-(-1_238) - free-energy function, in cal/ °K, g mol,

T
M = molecular weight,
R = gas constant, cal/°K g mol,

AH? = standard heat of formation at temperature I, in Kcal/gmole,
f g
AH?298 = standard heat of formation at 298.15°K, in Kcal/g mole,
AF} = standard free energy of formation at temperature T, in

Kcal/g mole,
e = equilibrium constant for sublimation or vaporization to a
5 monatomic gas from the condensed phase of the pure
element.

The values of the constants used inthese equations werebased onthe work of
Cohen, Crowe, and Dumond.! The derived constants for the above equa-
tions are listed in Tablelll. For the sake of comparison, the constants
used by Kolsky et ai®} were also included. It should be noted that their
value of the gasTo;Etant was based on the physical atomic weight scale,
whereas the value based on the chemical atomic weight scale has been
adopted in the fifth column of the table. All derived quantities were there-
fore correspondingly adjusted. The uncertainties in the fifth column were
derived from the values of Cohen, Crowe, and Dumond. 1

The machine program used for preparing ideal monatomic gas tables con-

FS - HS
taining c; , S, _( T - 298>. HT - H398 , OH§ , AFf , and Loglol(p was

based on the equations summarized above. The required input data for its
use are;




a. J; versus y; (cm‘l),
b. The eight constants in the last two columns of Tablelll,

c. The rnolecular weight on the chemical scale,

d. AHfyeg in Kcal/mole,

e. Enthalpy of the reference state as a function of temperature,

f. Free energy of the reference state as a function of temperature,
g+ The temperature for each entry of the table.

2. Uncertainty-Range Calculations

The uncertainty limits were obtained by repeating the calculation described
immediately above with the "perturbed'' values in the last column of Table

Illandindividually chosen values of the other input data. The difference be-
tween the results of the two calculations was taken as the uncertainty range.

Considerable thought had to be given to the choice of the other input data
for the uncertainty analysis. This is worthwhile to discuss in more detail.

a. Ji versus v

Thev; values were obtained by a "perturbation' of the last significant
figure given in Moore's tables;f"2 i.e., the ones used in the normal
calculation above. For example, if v; = 16 cm=-1 ag reported by
Moore, then the perturbation was -1, giving v rracbed). - 15 cm-1,
A negative "perturbation’ was used since this should lead to an in-
creased occupation of excited levels at a given temperature, as com-
pared with the '"unperturbed" states.

This means that the partition function (and consequently,the free-energy
function) was maximized. Since the free-energy function is basically
the most important single thermochemical quantity with the exceptionof
the heat of formation, it is seen that this procedure is the optimum
one. However, if desired, a positive perturbation could also be used,

and the calculations repeated.

52Moon, C. E., Atomic Energy Levels, NBS Circular 467, vol. 1 (15 June 1949).
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b. The Eight Constants of Table 1II

The constants in TablelIIwere''perturbed" from the ""best' values in
the fifth column, again in such a manner as to maximize the errors in
the free-energy function.

c. The Molecular Weight on the Chemical Scale

Normally, no perturbation was included for the molecular weight, but
this could be included if the uncertainties in molecular weight became
appreciable. For example, if the uncertainty in molecular weight be-
came 1 part in 2500, an error of about 0. 001 e.u. could be assigned
to ST or the free-energy function.

d. AHfgg. in Kcal/mole

Errors in AHfygg are ordinarily the largest and most significant in
thermodynamic calculations. These errors will lead to errors in AHY ,
AFg , and Longp . The input to the calculation routine described
above consisted of the absolute value of the uncertainty, designated
"9g * This is equivalent to considering the true value of AHfyqq to lie
in the range of AHfgg + 8304

e. Uncertainties in Enthalpy Functions

Uncertainties in the enthalpy functions of the monatomic gas were
labeled by (Kcal/gram atom of gas). Thus,(HSi. - H§ ) was considered
to be within the rangeof values of (H} - H3gg )+ by . Values of by

werw taken from results of the calculation based on the data in steps
{(a) through (c) above.

Uncertainties in the enthalpy functicns of the reference state were
labeled ¢T and fed into the program as input data.

f. ‘Uncertainties in Free-Energy Functions

Uncertainties in the free-energy functions of the monatomic gas and
reference state were designated as dp and ey , respectively. They
were obtained in the same manner ag by and cp described just above.

g Uncertainties in AHy , AF¢ , and Logj oKy,

The uncertainties in AHf , AFf , and Log)gK, were obtained as the sum
of the component uncertainties since each term in the summation is
independent of any other. For example, since-




AHE + 8 AHf = (AHZ,g0+ aygg) + [(H°T - Hiog) |k b.r]
- [mg - B ,
[( T - Hyge) ;2 Cr]

then,

B(AH?) = aj9g * br + ot

Likewise, the other uncertainties are

5(AF?) = 8298 + (d’r + c’r) '

1000

and

5 . N 1000
(ogiokp) = [BAFF) | oy
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E. DIATOMIC MOLECULE CALCULATIONS

The computer program used in the calculations of the thermodynamic functions
of diatomic molecules was based on a treatment of the diatomic molecule devel-
oped by Mr.T. Munsonof AvcoRADover aperiodof time. A program for a single
electronic state using this treatment has been in use on other projects at Avco
RAD. The present program was designed to be applied to the general case of

the diatomic molecule with multiple electronic states. The following discussion
of the calculation is based on the standard equations and symbols of the spectros-
copists, except where duplications of symbol usage might result in confusion.

The treatment of a given electronic state is an elaboration of the method of
Mayer and Mayer50 but takes into account spectroscopic constants of higher

order than the latter.

The input data for the program are the electronic energy (defined later) and the
standard spectroscopic constants w, , weXe, weYe s Bes @e » ye » and D.. Although
values of y, are not commonly tabulated, they may be estimated from Dunham's
equations, 53 Spectroscopic constants which are sometimes determined but
which are net included in the present calculation are WoZer Be and coefficients
of powers of y (y + 1) greater than the second,

It is assumed that the internal energy, exclusive of the electronic energy, may
be expressed as a function of the quantum numbers v and j for a given electronic "

state by the expression

1 1)2 1\?

6§ = w, v+; - W X, v+;/ + WY, v+-2-
! LY 2 2 49
+jGi+1)|B, -a, ves )t velv 45 D G+17?% (49)

where the energy is expressed in wave numbers.

If the energy of the lowest level (v= 0, = 0) is taken as zero, equation (49)

may be re-arranged and put in the form

(€ =¢); = @V = wxv(v=1) + wyv(v=1)(v=2)

+ G+ [1 —pi(j+l)—(8—¢>)v—¢v2]Bc(1—6/2). (50)

>3Dunham, j.L., Phys. Rev. 41, 721 (1932).
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where

W= w, - 2wz, + (13/4)w.y,

WI = WX, - 9/ w,¥e s

WY = @Y
x = wr/w,

y = wy/w,

p ¥ D/B,. (1)

and the following definitions are added

8 = ag/B, + (a,/B)? - 2y./B, .

1
¢ = = ye/Be + S(a/B) (52)

In arriving at the above definitions, it is convenient to use the approximation

ve = (2/3)al/B, (53)

which follows from Dunham's equations, 33

The internal partition function, exclusive of a term for the electronic energy,
may be written as

Qv,)) = Z(?j +1) exp{— u[v —xv(v-1)+yv(v-1)(v- 2)]

vli )

Q¢
—oi(i+1>[1 ~pili+1) - (8 -¢>v-¢v2]}- ———.  (54)
o(l=e™
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where 1/o is the partition function for the rigid rotator, 1/(1 - eY) is the parti-
tion function for the harmonic oscillator, and Q contains the terms for anhar-
monicity and rotation-vibration interactions. Further definitions for these
terms are

o = B.(l - 8/2) he/kT , (55)

and
u = hew/kT . (56)

A procedure analogous to that of Mayer and Mayer50 was used tc expand the ex-
ponential and approximate the summation in equation (54). The contributions to
the thermodynamic functions from internal degrees of freedom (designated by
subscript i) then become

-
- RT i

10Q(v,§) = —lno = Iny + o/3 + a2/90 + 2p/0

ey + I.’xuc-zu/;/,2

+

2x2c_2“u2(1 + Iic_u)/g//1 + Bze_u/z("/z

+

+ 451ue"2“/l,{13 - 6yue—3“/¢13 + 2¢>c'2u/¢/2 (57)

1+ue™/y - 0/3 ~ 02/45 +2p/o + SC_UUNIZ

o
(HT — HS)
RT J;

Aixuzc_zu/l,lz3 - 2me-2u/¢12 + 6yu¢:'3“/g[/3

+

— 18yu 2(:_3“'/1//4 + 4x2u3c"2“(1 +7e7 Yy 2¢:"2u)/v115

- 4xlulem2u 4:'“)/;/;4 + 46 xule= 297 4 e"u)/n//4 ,
{58)

45rue=28/y3 4 §2ue V(1 + €923 + dpe™ u/yd

and

CO
(—P> “ 1 +ule™ /2 v dpla v a/45 4 Be™ I (1 + e %/y 3

- t"lxuze_zu/dl3 + 4m3e—2u(2 + fu)/u’/"

+ 36yu2e'3“/:114 - 18yud(3 + e~9)e3usy5
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+ dxlule=2y) 4e'u)/§114 - 8x6ule=2Y(2 4 =¥ )/d/“

- 16x%u3e29(1 4 7e7Y 4 2e"2u)/¢5
+ 8%u2e(1 + 4e~Y 4 e=2U)/2 ¢4

Bxlude=2U(1 + 12e7Y 4 116720 4 e'3u)/\116

+
+ dpule (24 e~Uy/ud 4 dxbude V(44 7e™ 4 e W)y (59)
where
g o= (1-eY). (60)
The total internal energy, ¢, , of the ah electronic state is
¢ = Eg+ wv-wxv(v=1)+..., (61)

where E. is the electronic energy of the state expressed in wave numbers. Since,
for a given electronic state, the energy of the lowest level (v =0, j = 0) is taken
as the reference point of the energy scale, Ee" becomes T, (the electronic ener-
gy as defined by Herzberg>4) less the difference between the zero point energies
of the nth state and the ground state; i.e.,

Ee' - T, - [(1/2)«:e - (l/4)cu._.xe +(1/8)w,¥e + - ]

s [0/200 - 1 wer; + AB1ag .. ], (62)

where the unprimed terms are for the ground state, and the primed terms are
for the upper state.

The total internal partition function for all electronic states is given by

~hce, /kT ~E_/kT
Q'E 8, (2j+1)e “‘n -E B © E (2j+l)exp[-uv+uxv('-l)+-.-]

n n v,j

~E AT e-ln(Qc)n

- e
i Zﬂn" Ee/kTQn i }:Bn ; ' (63)
ay

n n

5‘Heuber;, G., Molecular Spectra and Molecular Structure, 1. Spectra of Diatomic Molecules, Van Nostrand, N.Y. (1950).
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where g is the multiplicity of the nth electronic state, E. is thé » Qand(Q.),
areQ(v,j) and Q_, respectively, from equation (54).

The temperature derivatives of Q are therefore

d -E./kT -E /KT
% o E g, Qe € (Ee/sz) + E gt © (dQ,/dT) , (64)
n n
d? -E/kT ~E AT
_%= e ¢ (d%Qu/dT?) + 2 E e e (dQy/dT ) (E/kT?)
dT - -
-E /KT Z -E /KT
+ E [ e/ Qn(Ee/sz)z -2 8y € o/t Qq (Eo/kT?) . (65)
n n

Values for Q, and its derivatives are obtained from equations {66), (67), and

(68).

cln(Qc)n
= (66)
Q oy ,
Q, {HY - HY
dQ,/dT = -‘l(—_ , (67)
T RT in
and
Qs [ C3 Q, [ HE - HY\ 3
d2Qn/dT2 et <_p>~ r2 <“0> - — (dQ,/dT) , (68)
T2 NLR G 2 NS R REE iai T
where
n(Q.) = o/3 + 02/90 + 2p/o + ey 4 ... . (69)
n
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From the above expressions, the contribution of the internal energies of all
electronic states tothe thermodynamic functions (designated by the subscript
Zi) may be derived.

FT - HZ
S (220) g, (70)
RT /s
HE - HY
T o) (71)
( T )Zi (T/Q)(dQ/dT)

CO
(T") - (2T/Q)(dQ/dT) - (T/Q(dQ/dTY? + (T2/Q)(d2Q/dT?)
i

2
HT - HYy HY - HQ
el 2l (| P 12/Q) (d2Q/dT?) | (72)
( — )ﬁ RT )y +(T4/Q)(d°Q/dT?)

and

Sk H% - HY F§ - H .
R fyi RT Jg; RT J5; (73)

After addition of the contribution of translational degrees of freedom, changing
of the reference temperature from 0° to 298. 15°K, and substitution of the val-
ues of the fundamental constants adopted here, the total thermodynamic functions
(in units of cal, °K, and moles) become

CO
c® - 198726 | 2|+ 4.96815 , {74)
. R /3

so

T

ST = 1.98726 (1-) + 6.8637%3log M + 11.439388log T
3i

- 4.573835l0g6 - 231538 , (75)
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£ - iy 1.98726 Fb=to (4308 - o)y,
4 o RT )y

T T

+ 6.8637531og M + 11.439588log T

1481.2539
- 4575835log v ——— - 7.28353, (76)

HS — HY
(HS — HZp) = 1.98726T |———0 (3 HY)
T 5 798! = bt RT 2.' 298 ~ T0/3;
1
(717)
+ 4.96815 (T - 298.15) ,
and
Hy - Hy
(H3gg — H2) = 592.5016 | ——— + 1481.25392 , (78)
O a
5i, 298

where Mis the molecular weight of the diatomic gas, and ¢ is the symmetry
number of the molecule (1 for a heteronuclear and 2 for a homonuclear diatomic

molecule).

The program for machine computation of the thermodynamic functions of diatom-
ic gases was based on the above formulas. Calculations for the natural isotopic
mixture of molecular oxygen are in excellent agreement with those of
Woolley55 when the spectroscopic constants he selected are used for the

32;. lAs, 12;, 32: , and 32; states. The results after minor adjustments are

comparéd in Table IV.

Woolley's values were corrected for a change in the gas constant R and the
Sackur-Tetrode constant and converted to a reference temperature of 298. 159K,
Woolley used a different summation procedure and included some higher-order
spectroscopic constants for the ground state which the present calculation does
not include. He also broke off rotational sums at the dissociation limit, where-
as they are extended here to infinite energy. The additional contribution to the
enthalpy would be about 15 cal/gfw at 5000°K and negligible at 4000°K had he
extended his rotational summation to infinite energy.

5S'I’oolh:y. H.¥., }. Research Nat. Bur, Stds, 40, 163 (1948); Nat. Bur. Stds, (U.S.) Circ. 564 (1955).
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TABLE IV

COMPARISON OF THERMODYNAMIC FUNCTIONS OF MOLECULAR OXYGEN

s$ - (F§ - H3og)/T (H} - H3gg)
Temp cal/CK gfw cal/OK gfw Kcal/gfw
K 55 55
Woolley55 Present Work | Wobolley Present Work | Woolley Present Work

300 49. 055 49.058 49.012 49.015 0.013 0.013
1000 58.199 58. 200 52.773 52.7174 5.427 5.427
2000 64.218 €4.218 57.144 57.145 14.148 14. 147
3000 67. 980 67. 980 60.165 60. 166 23.447 23. 441
4000 70 785 70.782 62. 484 62. 485 33.202 33.188
5000 73.028 73.028 64.376 64.379 43.259 43.249




F. POLYATOMIC MOLECULE CALCULATIONS

The program for the calculation of thermodynamic functions for ideal gases of
polyatomic molecules was based upon the standard relations of molecular

dynamics employed by spectroscopists.

One of these basic relations is that the total energy of an ideal polyatomic
molecule is the sum of its translational and internal energies.

€ = (t + €ae * (79)
The internal energy is composed of electronic, vibrational, rotational, and
interaction or coupling contributions. The interaction terms are rarely, if
ever, accurately known and are usually ignored, The internal energy was
therefore considered to be the sum of the electronic, vibrational, and rotational
contributions,

Gae ™ &+ & * € - (80)
The partition function (Q can then be written as the product of the individual
partition functions
Q = QQQQ - (81)
and the thermodynamic functions can be separated into sums of translational,
rotational, vibrational, and electronic contributions,

82
C; - C;(t) + C;(‘) + C;(') + C;(el) y ( )

H - Y - (3 - HY), + (b2 - ng) + (uf - HQ), + (% - HY), (82A)

F{ - HY _F}-Ha F§-H) F§ - H® F}-Hg (82B)

T T t T r T v T el

and

Sh = S8+ 80+ 8%+ 83 . (82C)

Evaluation of the Q'sin the usual manner, 50 combination of the translational and
rotational contributions, and substitution of required physical constants! then
leads to the following equations which were employed in the computer program:
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Linear Polyatomic Molecules

a. Heat Capacity in cal/® K mole

(83)
Cp = Cptt) * Cpm * Cpee
(o) 6.95541 + 0.091420 L ’ (84)
P(t,l’) -0 + U T '

(85)

B = 2.79889 x 10~39/1

2 1.438800;
1.43880 w; - ——
l) . T

1.98726 ( T
Chen = Z ! (86)

. 1.43880;\2
- T
l=¢e
Q Q¥
co o AudT 2 (7Y (87)
p(el) _rz Q Q
1.43880¢;
- ST 88
Q= Zlie 0 ( )
i
1.43880¢;
z : T
Q1 - (iglc ) (89)
i
1.43880¢;

T
Q 'Z‘f‘*' . (90)

w; is a fundamental frequency in units of cm™), Iis the principal
moment of inertia, ¢ 1is an electronic energy level in units of cm™*,
and j is the degeneracy of the corresponding electronic energy level,
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b, Enthalpy in cal/mole

o [ [ 5 o _Ho
H$ - Hipg = (“T —!b)t:‘ + (H-r Ho)'

i (H% - Hs)el ) (Hg% - H(;)t,r,v, el ' (91)
T - Hy T | 6.95541 - 9.953090 B _ o010 (2 : (92)
(HT - 0):,: - ) e T . T 0
1.43880a;
1438800 \| -~ T
Z 1.98726T — e
T-Ho) - ) (93)
(HT H°>' 1.438800;
i - —
l-e¢
Q
Hg)e * 3 (94)
(Hg. Ho)d 2.859270 [Q ] ,

. o 2
B B

A il Ml sl — .\ = 0.091420 [ —

(Hm HO)M'W 298.15 | 6.93541 09”090(293.15> 9 (zpa.u)

r -
1.438800 e e
( ' Iy\,  298.18
E ;1 8726(298.13) 258:13
* i ' 1438800
l - S S——
268.1
e 98.1% J
= on1s (95)
E:‘m. 298.13
1
+| 2.8%9270
1.43880¢
T 298.18
5
L i J
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Free-Energy Function in cal/® K mole

o o o o o
FI-Higg (FT—HO F}-HJ
- T T (3% 4 T v

[+] - 2] o
(TN} [H2gg - Ho (96)
T Lt T
t,r,v,el

6.863753 log M + 11.439588 log T

4 1 BY 0.95 O(B
.575835 log = + 0.95309 T

1
TN
m
—o
(=] |
\é
it

2
B
+ o.o45710<?> - 8.00651 , (97)
7 1.438800;
F% - -
T T
- (——HO = - 4.575835 log\ 1 ~ ¢ , (98)
T E:
1
1.43880¢;

F 2 - HS e
T~ Ho }: T
- - 4.575835 log 8¢ . (99)
T el

i

B, w; and ¢ were defined earlier, M is the molecular weight, and @

is the symmetry number,

d. Entropy in cal/* K mole
HT - H3 F: - Hy,
s _( T z9e>_< T 298) . (100}
T T

Nonlinear Polyatomic Molecules

a, Heat Capacity in cal/® K mole
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Equations (83), (86), and (87) through (90) were used with

Cole,n) = 7:949040 (101)

b, Enthalpy in cal/mole
i~ i = (W - g+ (5 - 1),

+ (H% - H6>¢[ - <H598 - HS)t,r,v,cl ] (102)
103)
H°—H°) = 7.949040 T , (
(ng - ng),, - 750

(“398 - “3),,,' pel = [7.949640(298.15) ]

l.43880(9i
l.43880(ui> - 29815
e

.98726(298.15) | ———
Z1987 (29 5)( 298.15

. 1.438800;
1 —
298.15
-
B 143880 |
T 20818
€ 8i e
i
+ | 2.859270 1.43880; . (104)
T 29815
8; ¢
i i
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HT - Hg)v and (Hp- H(;’)el are given by equations (93) and (94). All
other parameters are as previously defined. ’

c. Free-Energy Function in cal/® K mole

_(Fff _Hggg) _ _(F%-gg") _(F%'Hé’)
T L, v

/
[}
T - “5) (“ 398 = "o)
_ w7 T
T el T t,r,v, el

<F°T - HS)
T Lt

T T

(105)

6.863753 log M + 18.30334] log T

4.575835 log 6 + 2,287918 log I;Igl: x 10120

17. 16242, (106)

T

FT - Hg FT-HJ
- = and - - | are given by equations (98) and (99).
v e

I, Iglc is the product of the three principal moments of inertia. All
other parameters are as previously defined.

d. Entropy in cal/ °K mol (given by Eq. 100).
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G. CONDENSED-PHASE CALCULATIONS

Solid and liquid-phase thermodynamic functions are calculated in essentially the
same way. Calculations for both phases can therefore be discussed together.

1. Solid Phases
a. Basic Equations

In a reference state table, only C;,S%, —(

o [+]
Fr - Hy

8
= ) and (HT - Hgg)

are included. For the solid phase, the last three functions can be

calculated if C° and solid-state transition data are available.

The

formulas for afsolid with n first order transitions below the tempera-

ture T and above the reference temperature are

T T;

s%-:/ (-?i)dnixi//rﬁi / <%) 4T +
1

0 i=] i=2 i

(*“%"“398 . HT - Higg
T T T '

1 n n I
HT - Hijg = [ C2dT + E A+ E /c;dT
i=2 Tl—l

298.15 i=1

T

+ '/Vc;,’d'l',
T

n
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where A; is the heat of the ith transition at T;. The solid-liquid transi-
tion can be included as the ntP one in which case, the C; of the liquid

is used in the last term of eqs. (107) and (109).
b, Method of Choosing Basic Data

Since experimental C; data are often reported directly in the literature
and since empirical equations are often presented for the temperature
dependence of this quantity, there appear to be several advantages for
conducting calculations with this quantity, rather than doing so with other
quantities such as (H% - Higl). Therefore, in the work of this project,
first priority was given to locating C° data for each solid as it came
under consideration. The second step was to plot graphs and compare
the data from various sources. After a choice of the "best' data was
made, several alternatives presented themselves for proceeding with the
calculations, depending upon the state of the available C; data.

1) The "best' data for C® and the other functions may already have
been tabulated at the desired temperatures throughout the entire tem-

perature range of the tables.

2} Data may have been tabulated only for portions of the desired

temperature range,

3) The Cpdata may have been in the form of data points given at
various temperature intervals.

4) The C? data may have been presented in the form of an analy-
tical expression. A variety of possible analytical expressions have
been used. These include Debye or Einstein functions, polynominals,

etc.

¢. Machine Computation

The computer program used on this project for condensed phases was
designed to accept numerical values of Cgat the 100°K intervals required
in the final tables and carry out a numerical integration of these input
data to give the other thermodynamic quantities, This eliminated the
need for first reducing the original data to an analytical expression,

d. Uncertainty Analysis

The standard procedure adopted in the computation of error estimates
has been to assign uncertainties to the primary C?° and heat-of-transition

data and to calculate the uncertainties in the derived functions S°.r,
FT - Hiog o _ .
— and (HT -Hjgg) from them. An assigned uncertainty could

be made at each of the tabular temperatures. Since highly precise calcu-
lations were not expected in these cases, an average value for the un-
certainty in a given temperature interval was used,
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1) Heat capacity

Heat capacities are usually obtained experimentally, and the ori-
ginal experimenter is the one best able to set the uncertainty limits,
However; this is often neglected and must be done instead by the
reviewer, If data from several sources are available, the spread
in the data can give some indication of their reliability. Questions
of purity of samples, the method of, and the care taken in the meas-
urements, etc., should all be considered.

2) Entropy
The range of heat capacity values is defined as

cs = +8co (111)

CO
po p

where

dce (o C2:)/2 (112)
CP = ( PU - PL)/ 1

C;o = best value for heat capacity available,
;U = upper limit of uncertainty range,
and
C;L = lower limit of uncertainty range.

The true value C7 is expected to lie somewhere between the limits
given by equation {111},

From the thermodynamic definition of entropy, one can write

cu
pe °
5‘}'5393,01’299"j T”i/‘scpm”' (113)
98 298
where

[ _ : . °

8298’° = the best available value of 5298, and

2298 = the uncertainty in Sjgg.

1-64




The uncertainty in ST is therefore,

T

ST = Sy +/ (8C3/T)dT. (114)
298

Or assuming that 8Cp+ 1),

(115)
is obtained,
3) Enthalpy
Since
T
HY - HSgg = CpdT, (116)
298.15

one obtains, for an actual point with its associated uncertainties,

117
HY. — HSgg + 8 (HS = Higg) = CodT + [ scgar (17)

298.15 298.15

from equation (111). The uncertainty in HT - H398 is therefore,

T

hp =/ 8c;dr = B(H%-Hg%) (118)

298.15
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4) Free energy Function

The uncertainty in the free-energy function defined as

[+3
(o o 8(3_-"&) (119)
P} T

can be obtained from those of the entropy and enthalpy functions
just discussed because of equation (100), Due to this equation,
one can simply write the uncertainty in the free-energy function as

fr = sp - hp/T . (120)

This is contrary to the usual practice in summing errors because
in this particular case, the uncertainties s and hy are due to a
common uncertainty in C° and are matched. The independent
error in 5‘2’98 is simply ddded on.

From equations (114) and (118), it can be seen that s> hT/T.

2. I_.4i uid Phases

The calculation of thermodynamic functions for liquid phases was done in
essentially the same manner as described above for solid phases, Primary
heat capacity data were scantier and less precise for liquid phases and more
ingenuity in making estimates was required.




H, EVALUATION OF STANDARD HEAT OF FORMATION OF ELEMENTS

AT 298.15°K[AH;’298]

Heats of vaporization or sublimation may be derived from vapor pressure
measurements in two different ways.

The first technique, based on the Clausius-Clapeyron equation, is called the
"Second Law Method." When applied to the vaporization of an element it will

give a single value of AHpP)9g equal to AHY 95 or AHg,9g from each set of vapor
pressure measurements.

If it is assumed that the vapor of the element is ideal, the Clausius-Clapeyron
equation may be written as a form of Van't Hoff's equation,

d(-Rlk,)  AH{ (121)
dT 12

where K is the equilibrium constant for the vaporization process. For the
special case of liquid or solid vaporization without polymerization, x equals
the vapor pressure. s

The heat of formation, AHJ, may be obtained as a function of the temperature
from the equation

T

AHY = BHPyo0 +/ ACSdT (122)
298

where AC® i8 the difference between the heat capacity of the gas and that of the
condensed phase. The exact analytical expression used for Ac? will depend on
the precision of available heat capacity data and on the form of the functions
used to express the temperature dependence of the heat capacities of both
phases concerned. If the form of the expression for ACg is that favored by
KelleyS6 for the heat capacity of solids; namely,

ACS = AA + ABT - Act™? (123)

where the coefficients are related to those of the enthalpy expression by AA = Aa
AB =2Ab and AC = Ac, equation (122) then becomes

AB
AHG = (AH%(29g + MA(T ~ 298.15) + — (T2 - (298.15)%) + AC(1/ T - 1/298.15). (124)

5(’Xellcy, K. K., Bureau of Mines Bull, 584 (1960).
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If equation (124) is substituted into equation (121), the result may be integrated
and re-arranged to give

-2 AH?®
- Rlnk +AAlnT+[E‘—ACT +Al)'r—1=——-—f2ﬂ + 1, (125)
2 2 T
where
AD = 298.15AA (298.15)" AB o
&= L + y
2 ¥ 298.15 (126)

and 1 is an integration constant. If terms on the left-hand side of equation (125)
are designated by £, the equation becomes

AHfy0g
- — 1 (127)

Therefore, one may calsulate AH°§298 , by the Second Law Method, by comput-

ing ¥ for each experimental vapor pressure measurement, and plotting it
against the reciprocal of the temperature. The resulting plot should be a
straight line, and the slope of that line is the value of AH%gq . The constant
of integration, I , is related to the entropy of formation at 298.15% K by the
equation

AC (298.15)~2
AS$y9g = AA + AA 10 (298.15) + AB (298.15) + — = I (128)

When free-energy functions are available for the condensed and gas phases,
these functions may be used in combination with experimental vapor pressure
data to calculate a value of AHf,g, for each vapor pressure measurement.
This technique is known as the ""Third Law Method." Thus, the difference
between the free-energy functions of the gas and condensed phases, A(fe.f)is

PY - Hiog Ff - Hiog AP AHpgg (129)
A(f.e.f,) - _T_ - —-—T— - T - T R
8 c




However,

AF§
—— w -RInK . (130)
T P
Therefore,
Angga =T [-R K, ~ Af.e.f)] {131)

Ideally, the two methods should give the same results. In practice, they sel-
dom do because of errors in the experimental results or approximations made
in analytical expressions for the temperature dependence of heat capacities in
the Second Law treatment. The Third Law treatment is to be preferred for the
present work, and was the one adopted. Because the latter method permits a
calculation of AHfcorresponding to each vapor pressure measurement, a sensi-
tive check for a possible drift with temperature is available. Calculations are
possible for situations in which the temperature dependence of heat capacities
may not have been reduced to an analytical expression. Most important how-
ever, the thermodynamic compilations are thereby made internally consistent,
In this way, experimental vapor pressures are more closely reproduced from
the compilations than they would be if the Second Law treatment were used. In
that sense, the values of AH%,g; listed will be legitimately used only with the
free-energy functions for gas and condensed phases with which they are tabulated,

The two techniques just described have general applicability to the vaporization
of systeme other than those of the elements. When applied to the vaporization

of compounds, however, they simply yield heats of the vaporization or decom-

position process which yields the vapor species.




IV. REVIEWS OF DATA AND COMPUTATION SUMMARIES
FOR INDIVIDUAL ELEMENTS AND COMPOUNDS

With the exception of Th and Ce for whichthere were insufficient data,ideal monatomic
gas tables were prepared for all the elements within the scope of the contract

plus several other metals which were included at the request of Materials Central,
WADD. Emphasis was placed initially on the preparation of tables for the ele-
ments because they were rieeded for the preparation of tables on compounds. In
some cases, it was only necessary to add uncertainty estimates to existing tables
for the elements. A number of existing tables were re-computed because better
energy level data had become available. Oxide compounds were also given high’
priority in the work because more data were available on them than on the other
classes of compounds such as the carbides, borides, and nitrides.

A. ELEMENTS
1. Beryllium
a. Crystal Structure and Melting Point

At room temperature, elemental beryllium has a hexagonal,close-packed
structure. - The possible allotropy of beryllium has been a subject of
dispute for over thirty years. In general, two allotropic transformations
have been discussed; one occurring in the temperature range from 400°
to 800°C, and the other around 20° to 30°C below the melting point.
Most of the evidence in support of allotropy in the lower-temperature
range can probably be discounted as originating from impure beryllium.
The most likely impurity, BeO, will not be revealed by the usual spec-
troscopic analysis.

Lewis58 inferred the existence of allotropic transformations at -45

and 450°C by thermal emf and electrical resistivity measurements.
Jaeger and Rosenbohn?? found evidence for a second beryllium phase
from speciﬁécoheat measurements. From X-ray measurements, Jaeger
and Zanstra  proposed that, 8 -Be is hexagonal close-packed with a
relatively large unit cell and is metastable at room temperature. They
also reported that the high-temperature phase was most successfully
produced by heating to 630°C. Kosolapov and Trapoznikov ! obtained

muuon. W.B., Handbook of Lattice Spacings and Structures of Metals, Pergamon Press, N.Y. (1958).

58Lewis, E.]., Phys. Rev. 34, 1575 (1929).

wzacgcr, F.M. and E. Rosenbohm, Proc. Acad. Sci. (Amsterdam) 35, 1035 (1932); Proc. Acad. Sci. (Amsterdam) 37, 67
1934); Rec. trav, chim, _5_3. 451 (1934). -

601"5"’ F.M. and J.E. Zanstra, Proc. Acad. Sci. (Amsterdam) 36, 636 (1933).
61)(o-ol-pov, G.F. and A.K. Trapoznikov, J. Exper. Theor. Phys. (U.5.5.R.) 6, 1136 (1936).
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evidence for zallotropy from extra reflections in X-ray measurements

on beryllium samples. Noyce and Daaneb?2 reported an allotropic trans-
formation at 730°C from thermal and dilatometric effects. However,
Gordon and Kaufmann®3 were unable to confirm the latter results.
Gordon®? measured the thermal coefficients of expansion of beryllium
up to 1000°C by X-ray methods, and found no evidence for allotropy.
However, Chatterjee and Sidhu65 reported allotropy by X-ray measure-
ments on 99. 9 percent pure beryllium. Sidhu and Henry®® examined
spectroscopically pure beryllium and very dilute gold-beryllium alloys,
and from the position and intensity variations of extra iines, concluded
that a 3 -Be phase was present which had a complex hexagonal structure.
Seybolt et al T criticized these conclusions and stated that the gxtra
reflections were probably due to BeO or AuBeg. Kaufmann et a168 found
no evidence for allotropy by thermal analysis studies and microstructure
examination of beryllium that had been cooled down from temperatures
up to the melting point. The last investigators further stated that the
fact that single crystals of beryllium could be successfully grown from
the melt was evidence for the nonexistence of the disputed phase.

In addition to the questionable allotropic transformation below 1000°C,
a double thermal arrest has been reported in the temperature range
from 1250° to 1260°C (20 or 30 degrees below the melting point). 6972
This observation has been variously interpreted as due to an allotropic
transformation or the présence of a eutectic with a contaminant.

Losano '3 reported finding only a single thermal arrest in 99.96 percent
pure beryllium. However, Martin and Moore 4 later found no evidence,
with thermal analysis techniques, for the existence of a solid-state change
between 25° and 1000°C, but they detected a double thermal arrest in
the vicinity of the melting point. On cooling, the second arrest started
on the average 20°C below the melting point arrest; on heating, the
average was 17°C below the melting point. The latter measurements

62Noyce, W.K. and A.H. Daane, AEC Rept. No. CT-2404 (15 March 1943).
63Gordon. P. and A.R, Kaufmann, AEC Rept. No, CT-3379 (11 December 1943).
84Gordon, P., J. Appl. Phys. 20, 908 (1949).

83Charteriee, G.P. and $.5. Sidhu, Phys, Rev. 76, 175 (1949).

6Gidhu, $.5. and C.0. Heary, J. Appl. Phya. 21, 1036 (1950).

67Seybolt, A., J.S. Lukesh, and D.¥. White, J. Appl. Phys. 22, 986 (1951).
68K aufmana, A.R., P. Gordon, and D.V. Lillie, Trans. ASM 42, 785 (1950).
$9S1oman, H., J. last. Metals, 30, 365 (1932).

"OTeitel, R.J. and M. Cohes, ]. Metals 183, 285 (1949).

”Tuer. G.L., Fundamental Mechanical and Physical Characteristics of Beryllium As Related to Single Cryatals, Sc.D.
Thesis, M.I.T. (1934).

72B\u.nrd. R.V., J. Research Nat. Bur, Stds. 50, 63 (1953).
Losaoo, L., Alluminio 8, 67 (1939).
“Mlnin, A, and A, Moore, J. Less Common Merals, 1, 85 (1959).
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were made on beryllium samples of varying purity and included zone-
refined beryllium containing 0.056 weight percent of metallic impurities,
0.4 cc/g of Hy, and 0.008 weight percent of O). They also reported
lattice spacings for 99. 4 percent pure beryllium containing 0.3 weight
percent of BeO from -193° to 1265°C. They found deviations from
linearity for the temperature dependence of the lattice spacings at about
200° and 800°C. These deviations were attributed to the effects of
solutes. A discontinuity in lattice spacings at about 1250°C was stated
to coincide with the transformation of hexagonal close-packed B-beryl-
lium to body-centered cubic a -beryllium.

It was concluded, in summary, that beryllium is hexagonal, close-packed
from room temperature to about 20 degrees below its melting point. A
transformation to a body-centered cubic phase is quite possible at the
latter temperature, but was ignored in the present compilation.

The melting point of beryllium was taken as 1556° +3°K on the basis of
the available information.56, 75-78

b. Thermodynamic Properties

1) Heat of fusion

The heat of fusion of beryllium was taken as 2.800 = 0.500 Kcal/
gfw from the review of Kubaschewski et al. 79 This value was de-
rived from Oesterheld's80 thermal analysis studies (2.40 Kcal/
giw), Losano's '3 measurements on the pressure dependence of

the melting point (1.98, 2.23, 2.56 Kcal/gfw), Sloman's8! measure-
ments on the melting-point depression of beryllium by silver (3.4
Kcal/gfw), and regularities among the entropies of transformation
of the alkali and alkaline earth metals (3.0 Kcal/gfw). It should

be noted that the value for the heat of fusion of magnesium accepted
here destroys some of the regularity of Kubaschewski's comparison.
However, the limits of srror assigned to the value are probably
adequate to cover any shift in the estimated value. The heat of
fusion of beryllium adopted here was the one in general accept-
ance. 56, 75-76

”Derglurinn, T.E. et.al, JANAF Interim Thermochemical Tables, vols 1 and 2, Dow Chem. Co. (31 December 1960).

76Hult5ren, R. et.al. Selected Values for the Thermodynamic Properties of Metals and Alloys, Min, Res. Lab., Inst. of
Eng. Res., Univ. of California, Berkeley (1956); rev. eds. (1958 and (1960).

775!\111, D.R. and G.C. Sinke, Thermodynamic Properties of the Elements, No. 18, In: Advances in Chemistry Series, Am.

Chem. Soc., Washington (1956).
mNuion-I Bureau of Standards Rept 6484 (1959).
79K ubaschewski, O., P. Brizgys, O. Huchler, R. Jauch, and K. Reinanz, Z. Elektrochem. 54, 275 (1950).
800cs(crheld, G., Z. Anorg. u. allgem. Chem. 97, 1 (1916).
81Sioman, H.A., J. Inst. Metals 34, 161 (1934).




2) Entropy and heat content at 298.15°K

Values of the entropy and heat content of elemental beryllium at
298.15°K were based on the measurements of Hill and Smith82

(4° to 300°K). These data have been joined with the high-temper-
ature data of Ginnings, Douglas, and Ball83 (367° to 1169°K) by the
Bureau of Standards. 78 5298 was calculated to be 2.282 + 0.02
e.u., and (Hjgg - H(j) was computed to be 467 cal/gfw by the Bureau
of Standards. The latter values were accepted for the present work.
These same low-temperature data have been used elsewhere?5 76

to calculate the value of S39g = 2.280 e. u.

Other low-temperature heat capacity measurements on beryllium
included those of Simon and Ruhemann84 {(71° to 79°K), Lewis58
(97° to 463°K), and Cristescu and Simon8> (10° to 300°K).

3) High-temperature heat content

The measurements of Ginnings, Douglas, and Ball83 (367° to 1169°K)
were used to calculate the high-temperature heat capacity and heat
content oi beryllium. These authors gave results for two samples,
each of which contained 99.5 percent beryllium, but differed in the
composition of their impurities. An average of the results for the
two samples, which differed a maximum of 0.5 percent, was adopted.
The heat contents to 1000°K were considered to be good to + 1 per~
cent. The uncertainty of an extrapolation from the highest temper-
ature of measurement {1169°K) to the melting point is larger. De-
rived values of the heat capacity, which increase essentially at a
uniform rate with temperature from 700° to 1000°K, show an
inflection around 1000°K to a more rapid increase with temperature.
The extrapolation made herein assumed that the heat capacity above
1100°K increases at the same rate as it does between 1000° and
1100°K; namely, 2.5 x 1073 cal/OK? gfw. Between 1000°K and

the melting point, the heat capacities were considered to be good

to £ 3 percent. It should be noted that the temperature of the ob-
served inflection lies in the region of one of the disputed allotropic
transformations discussed above.

mL Smith, Phil. Mag. 44, 636 (1953).

83(.'vinninp, D.C., T.B. Douglas, and A.F. Ball, J. Am. Chem. Soc. 7_3_, 1236 (1951).
8‘Simon. F. and H. Ruhemann, Z. physik, Chem. !Q. 321 (1927).

ssCriuucu. S. aad F. Simon, Z. physik, Chem, M. 273 (1934).
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Other available data for the high-temperature heat capacity or heat
content of solid beryllium included those of Fieldhouse et al8

(434° to 1328°K), Jaeger and Rosenbohm>? (273° to 1338°K), Lewis
(282° to 463°K), Magnus and Holzmann87 (295° to 1173°K), and
Nilson and Pettersson88(273° to 573°K).

58

In the absence of experimental data for the heat capacity of liquid
beryllium, the value of 7.50 ca1/°K gfw recommended by Kelley
was used.

4) Heat of formation of monatomic gas

The Third Law -Method was used with the free-energy functions for
beryllium tabulated herein and the vapor pressure data from the
following sources to give the indicated values for the heat of form-
ation of beryllium at 298. 15°K:

Source Temperature AH{ at 298.15°K
(W) [Kcal/gfw)

Gulbransen and Andrew®? 1103 - 1229 78.170 % 0. 600

Holden et a1%0 1172 - 1552 77.840 % 0.700

Schuman and Garrett?! 1174 - 1336 80.590 £ 1.300

Baur and Brunner92 1850 - 2331 79.540 = 2.500

Original data points were used for the calculations.

The value for A%y  adopted herein was an average of the results
of the first two authore listed; namely, 78.00 + 0.500 Kcal/gfw.
The uncertainty given was based on the scatter of experimental
vapor pressures, and did not include uncertainties due to estimated

heat capacities for liquid beryllium.

86Fieldboule, 1.B., ].C. Hedge, ].1. Lang, and T.E. Vaterman, Wright Air Development Center, Tech. Rept. WADC-TR-
$7-487, AD-1550954 (1958).

87Magous, A. and H. Holzmana, Aan. Physik (5) 3, 585 (1929).
EsNil-on, L.F. and O. Pettersson, Oversigt Kongl. Svenska Vetenskaps-Akad. 37,33 (1880).
89Gutbransen, E.A. aad K.F. Andrew, J. Electrochem. Soc. 97, 383 (1950).

9%olden, K.B., R. Speiser, and H.L. Johaston, J. Am. Chem. Soc. 70, 3897 (1948).
91Schuman, R. aod A.B. Garrett, J. Am. Chem. Soc. 66, 442 (1944).

92Baw, E. asd R. Bruaser, Helv. Chim. Acta 17, 958 (1934).
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An extrapolation of AF{ to zero gave a normal boiling point for
berylliumof2754°K. An uncertainty of 50 degrees was estimated
for the boiling point from uncertainties in AH%0g and liquid heat
capacities. At the boiling point, AH; was calculated to be 70. 498
Kcal/gfw.

5) Thermodynamic functions

The beryllium reference state thermodynamic functions are given
in Table V.

The thermodynamic functions for beryllium as an ideal monatomic
gas in Table VI were calculated using all the levels listed by
Moore. 92 H%9g - Hy wasfoundtobe 1, 481 cal/mole. Uncertainity
estimates are given on the backs of the tables.
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2. Boron

Existing tabulations on boron were found to be inadequate for three reasons.
First, they were not based upon the most up-to-date data; second, they did
not extend up to 6000°K; and third, estimates of uncertainty in the data were
not included. Therefore, the re-computation of the boron data was under-

taken,

a. Crystal Structure

Elemental boron exists in several modifications. However, the stable
modifications and their temperature ranges of stability are still in
doubt.

It is generally accepted that B- rhombohedral boron is the stable form
above 1500°C, 93-95 and also that it may be stable down to as low as
1100°C. 93 & -rhombohedral boron is also fairly well documented, 96, 97
being stable at lower temperatures than the f-rhombohedral form.
Other common forms include the tetragonal, 98,99 and amorphous
borons?4 Several other polymorphs have been reported, but it appears
likely that many of them are formed as a result of kinetic considerations
and the presence of a foreign substrate and have no real thermodynamic
range of stability, 93

In view of the uncertainties regarding the stable phases of boron, it is
impossible to specify solid transition-point temperatures. Such transi-
tions usually have low but generally unknown heats of transition {com-
monly a few hundred calories). Hence, the thermodynamic tabulations
will contain these added uncertainties,

b. Melting Point

For the melting point of boron, there were also many reported values.
These are summarized in Table VII.

93Honrd. J.L. and A. E. Newkirk; An snalysis of polymorphism in boron based upon X-ray diffraction results, J. Am. Chem.
Soc. 82, 70 (1960).

9“7illiama, D.N., The Properties of Boron, Defense Metals [oformation Center, Battelle Memorial Institute, Memorandum
41 (4 January 1960).

93Sands, D.E. aad J.L. Hoacd, Rhombohedral elemeatal boron, J. Am. Chem. Soc. 79, 5382 (1957).

9‘I>D¢:ckr:r. B.F. -.ndn J.S. Kasper, The crystal structure of a simple rhombohedral form of boroa, Acta Cryst. 12,503 (1959).
97McCuty, L.V. and D.R. Carpenter, J. Electrochem. Soc. }_0_7, 38 (1960).

98Honrd, J.L., S. Geller, and R.E. Hughes, J. Am. Chem, Soc., E. 1892 (1951).

99Houd. J.L., R.E, Hughes, and D.E. Sands, The structure of tetragonal boron, J. Am. Chem. So;. -8_(?. 4507 (1938).
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TABLE V
BERYLLIUM REFERENCE STATE Be

Reference State for Calculating AP , AF], and LogK, : Solid from 298.15° to 1556 °K,
Liquid from 1556 ° to 2754°K, Gas from 2754" to 6000 °K

giw=9.013 m.p. = 1556" ¢ 3°K b.p. = 2754° & 50°K
r cal/°K gfw —_— Keal/gtw . Y

1. G ) S(Fy ~Hyo/T  Hp-Hjm aH§ ar, LK,

0 0.000 0.000 Infinite -0. 467
298,18 3.932 2.282 2.282 0.000
300 3.951 2.307 2.283 0.007
400 47173 3.568 2. 447 0. 447
500 5. 260 4.687 2.187 0.9%0
600 5.588 5.676 3.186 1. 494
700 5,846 6,557 3. 606 2.066
800 6.072 7.38)3 4.025 2.662
900 b.287 8.081 4.437 3. 280
1000 6.508 B.754 4.835 3.919
1100 6.758 9.386 5.221 4.582
1200 7.008 9.985 5.593 5.270
1300 7,258 10.556 5.953 5.984
1400 7.508 11.103 6.302 6.722
1500 7.758 11,620 6.630 7.488%
1556 7.898 11.916 6.823 7.924
1556 7.500 13.715 6.823 10.724
1600 7.500 13.924 7,018 11.054
1700 7.500 14.379 7.43% 11.804
1800 7.500 14.808 7,834 12,554
1900 7.500 15.213 8.211 13.304
2000 7.500 15.598 8.571 14.054
2100 7.500 15.964 8.914 14.804
2200 7.500 16.313 9. 243 15,554
2300 7.500 16. 646 9.557 16,304
2400 7,500 16.965 9.859 17.054
2500 1,500 17.272 10. 150 17.804
2600 7.500 17.565 10,429 18.554
2700 7.500 17.848 10.698 19.304
2754 7,500 17.996 10.839 19.709
2754 4.993 43.595 10.839 90. 207
2800 4.997 43,675 11.376 90.437
2900 5.007 43,851 12.493 90.937
3000 5.021 44.021 13,542 91.438
3100 5.037 44.186 14.528 91.941
3200 5.057 44,346 15. 457 92. 446
3300 5.001 44.502 16.334 92.953
3400 . 109 44,654 17,168 93. 462
3500 5.142 44.803 17.953 93.978
3600 5.179 44.948 18.700 94. 491
3700 s.221 45.090 19. 412 95.010
1800 5.268 45.230 20,089 95.538
3900 5.320 45.368 20.736 96.064
4000 . . 5.378 45.503 21,353 96.599
4100 5. 440 45.637 21,944 97. 140
4200 5.508 45.749 22.510 97. 687
4300 5.581 45.899 23,082 98. 242
4400 5. 638 46.028 23,573 98.804
4500 5. 741 46.186 24.073 99.373
4600 5.828 46.28) 24,554 99. 952
41700 5.919 46.410 25.019 100. 539
4800 6.014 46,438 28. 463 101. 136
4900 6113 46. 660 23.896 101.742
5000 6.218% 46.78% 26,313 102. 388
$100 6.320 46.909 26,716 102, 98%
5200 6,428 47.03) 27. 106 103. 622
3300 6.338 47,088 27. 482 104. 271
3400 6. 649 41,279 17.848 104. 930
$300 .76 47.402 28. 202 108. 60!
8600 6.877 47,828 8. 546 106, 283
8700 6.993 47. 648 28. 630 106,976
3835 - 1.108 41,1774 9. 20 107, 681
900 70024 47,09} 29,820 108. 399
6000 7,340 46.016 29.828 109. 126




BERYLLIUM REFERENCE STATE

SUMMARY OF UNCERTAINTY ESTIMATES

f———cll/"l giw ~ 7 Keal/glw N
° . e ° ] ° ° ° M
T.°C 14 st —(Fp ~ Haog)/T HY - Hyge Ay AFg Los K,
298.15 + .050 %.020 +.020 + .000
1000 + .060 +.070 +.030 + .040
1556 + . 240 +.160 +.050 + . 150
1556 + . 380 £.470 2.050 + 650
2000 £1.040 £.640 +.160 + . 960
2754 £2.170 +.390 +.200 +2.170




TABLE Vi
BERYLLIUM IDEAL MONATOMIC GAS Be

Reference State for Calculating AHP, AFf, and Logk  : Solid from 298.15° to 1556°K,

Liquid from }1556° to 2754°K, Gas from 2754° to 6000°K.
gfw 2 9.013 m.p. = 1556° & 3°K b.p. 3 2754° 2 50°K
——cal/"K giw ~ Kcal/glw " ~
T.°K < Ca -(F} — HopgnT HY - Hypg I*H I Los K,

0 0.000 0.000 Infinite -1.481 76.986 76.986 Infinite
298.15% 4.968 32.545 32.545 0.000 78.000 68.977 -50.5%9
3oo 4.968 32.576 32.545 0.009 78.002 68.921 -5G. 206
400 4.968 34.005 32.740 0.506 78.059 65.883 -35.995
500 4.986 35.114 33.108 1.003 78.053 62.839 -27. 466
600 4.968 36.020 33.520 1.500 78.006 59.800 -21.781
100 4.968 36.785 33.933 1.996 77.930 56.770 -17.724
800 4.968 37. 449 34,302 2.493 77.831 53.754 -14.684
900 4.968 38.034 34.712 2.990 17.710 50.752 -12.324
1000 4.968 38.557 35.070 3,487 77.568 47.765 -10. 439
1100 4.968 39.03! 35. 409 3.984 77.402 44.792 -8.899
1200 4.968 39.463 35.729 4.481 T11.211 41.837 -1.619
1300 4.968 39.861 36.032 4.977 76.993 38.896 -6.539
1400 4.968 40.229 36.319 5.474 76.152 35.976 -5.616
1500 4.968 ~-40.572 36.59! 5.971 76. 486 33.058 -4.816
1556 968 . 40.754 . 36.7380 6.249 . 76.325 . 3452 . -4.417
1556 4.968 40.754 36.738 6. 249 73.525 31.452 -4.417
1600 4.968 40.892 36.850 6. 468 73.414 30. 265 -4.134
1700 4.968 41.192 37.097 6.965 73,161 27.575 -3.545
1800 4.968 41.478 37.332 7.461 72.907 24.90! -3.023
1900 4.968 41.746 37.558 7.958 72.654 22. 241 -2.558
2000 4.969 42.00! 37.7174 8. 455 72.40! 19.595 -2. 141
2100 4.969 42. 244 37.981 8.952 72. 148 16. 960 -1.765 R
2200 4.970 42.475 38. 180 9. 449 71.895 14.339 -1.424
2300 4.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>